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PREFACE. 
This  tfcatisc  on  the  elements  of  electrical  engineering  repre-  j 
sents  tlic  combined  experience  of  the  autliors  in   [teaching  the  i 
subject  for  thirteen  years.     The  aim  lias  been  to  give  a  clear  and  I 
concise  treatment  of  the  element  of  the  subject  illustrated  b>" 
numerous  practical  examples  and  problems. 

In  almost  every  branch  of  engineering  a  simple  working  knowl- 
edge of  the  electrical  problem.s  involved  in  the  generation,  distri- 
batton,  and  utili^fation  of  [xiwer  is  becoming  imperative.     Students  J 
pursuing  a  course  in  engineering,  other  than  electrical,  arc  limited  | 
as  to  the  time  to  be  devoted  to  electrotechnology,  while  students  ] 
taking  a  course  in  electrical  engineering  are  not  so  restricted. 

The  problem  which  the  authors   undertook  to  solve  in  the   ' 
pnrparation  of  this  treatise  was  to  so  select  and  arrange  the  sub-  ' 
ject  matter  that  the  b<3ok   might  be  advantageoii.sly  used  as  an  J 
introductory'  course,  not  only  for  electrical  engineering  students. 
It  also  for  students  specializing  in  other  branches  of  engineering.  . 
Thti  somewhat  iliflicult  problem  has  been  solved  by  treating 
B  more  essential  parts  of  the  subject  consecutively  in  a  series  1 
chapters,  and  by  placing  the  more  elaborate  developments  in 
iih  i  icrict  of  appendices.     This  arrangement  makes  it  possible 
a  student  to  easily  cover  the  fundamental  portions  of  the  text  j 
DM  aoncstcr,  by  omitting  the  more  highly  specialized  matter  I 
1 19  given  partly  in  fine  print  and  partly  in  Appendices  A,  B 
IC 

An  important  feature  of  the  book  is  an  extended  list  of  care- 
vify  cboBcn  problems  given  as  a  final  apjwndix.     These  prob-  ( 
e  arranged  in  an  order  folloiving  closely  the  development  ( 
f  the  subject  matter  of  the  text.     They  have  been  designed  not 
f  to  illustrate  principles,  but  to  supplement  the  information 
I  in  the  text     The  aiuwcrs  to  tiicse   probk-nt-i  hav 
i  with  extreme  eare. 


jRSJ.-.^ 


•  r 


Ijc  j^»:tL  S£r  1  ^-ikikst  ^"  'IIS  ^r:    -c   rriiicsrinv^.y  rree  :rom 
smi  -s^yirr    voiizi  ne   lutirt.rf   Jr»:ce    to  eliminate 
Ijsg-  if  -—  ■^-  T^ini.  ncse  "s^ii*:   use  rie  btrok  will  be 
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CLASSIFICATION   AND   NOTATION. 


CLASSIFICATION   OF   MACHINES.* 

A  direct  current  is  a  unidirectional  current 

A  continuous  current  is  a  steady,  or  non-pulsating,  direct 
current. 

An  alternating  current  is  a  current  of  equal  half-waves  in  suc- 
cessively opposite  directions. 

An  oscillating  current  is  a  current  alternating  in  direction,  and 
of  decreasing  amplitude. 

Electrical  Apparatus  will  be  treated  under  the  following 
heads : 

I.  CoMMUTATiXG  MACHINES,  which  Comprise  a  constant  mag- 
nttic  field,  a  closed  coil  armature,  and  a  multi-segmental  com- 
mutator connected  thereto. 

Under  this  head  may  be  classed  the  following :  Continuous- 
current  generators  ;  continuous-current  motors  ;  continuous-cur- 
rent boosters  ;  motor-generators  ;  dynamotors  ;  converters  and 
closed-coil  arc  machines. 

A  booster  is  a  machine  inserted  in  series  in  a  circuit  to  change 
its  voltage,  and  may  be  driven  either  by  an  electric  motor,  or 
otherwise.     In  the  former  case  it  is  a  motor-booster. 

A  motor-generator  is  a  transforming  device  consisting  of  two 
machines ;  a  motor  and  a  generator,  mechanically  connected 
together. 

A  dynamotor  is  a  transforming  device  combining  both  motor 
and  generator  action  in  one  magnetic  field,  with  two  armatures, 
or  vrith  an  armature  having  two  separate  windings. 

For  converters,  see  III. 

*Thb  classification  constitutes  a  part  of  the  Report  of  the  Committee  on  Standard - 
tntfeon,  of  tbe  American  Institute  of  Electrical  Engineers. 
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x  Cl--iSSIF]CATlL»N    AM>   NC^TATION. 

1 1 .  SvN  c  H  KL '  N-L  •'>  'Ma  c  h  I  ^'E^ .  vhi  zh  comprise  a  constant  mag- 
netic fitrid,  -djnd  cLTi  armatLire  rc-ctiiiing  cir  deL'\'ering  alttmating 
currents  in  sA-nciircniisin  with  thr  morior.  o:'  the  machine  ;  /.  r., 
ha\*in^  a  frecjency  equal  tc>  the  produc:  of  the  number  of  pairs 
of  pjles  and  the  speed  of  tiie  machine  in  rexolutions  per 
secctrid. 

]]].  SyNCHkCiXCi;:-  Commitatin-.^  Machive?:  —  These  in- 
clude: ::  S\"nchrc>nou5'  cor.vt:rii^r>.  commonlv  called  "con- 
ver.ers-':  :.  «..  conveners-  from  alternating  to*  direct,  or  from 
dirtrc:  ti-  alternating  current,  and  r  ■  Doubje-current  g^enerators ; 
:.  f .,  generators  producing:  both  direct  and  alternating  currents. 

A  converter  i.^  a  machine  em'oloA-ini;  mechanical  momentum  in 
chan^n^-  tjectric  ener^-  frc»m  c«ne  form  into  another. 

A  conxerter  may  be  either  : 

a.  A  direct -CLirrent  cc»nvertL:r,  conxertini^  from  a  direct  current 
Vj  a  d2'*'i;::t  current.  c»r 

;  A  "-^-icirir-on-'us  converter,  former. v  called  a  rotarv  con- 
\-en.er.  c.t verting: from  an  alternating  lo  a  direct  current  or  \ice 

Piiast  '.'.iT'veners^  are  con\cner>  fr-;-m  an  alte matin £T-current 
sysi'.-:r.  t.  a*  aiteriatin^-current  SA'si^'m  of  the  same  frequency, 
bi!'.  i'    din'T'"^:;!  p::ast. 

j  '^j'.jvivy  '-■  r:\i-rter?  arc  convert cr>  fr>m  an  aitemating-cur- 
TKrrv.  ^v^'jr":  '/ -.r.t  frc'.  uencv  to  an  a  Item  a  tine -current  svstem  of 
aTi'.»t:»»j''   ^r*y:at:Ticy.   with   or  without   chanire  in  the  number  of 

JV  rLL-rr:r\ 'NO  Ma'Vh:\'E5.  ok  Pi'LSnTiN^.-Ci'RREVT  Gexer.a- 
■j  vh  -    v\ : ii*. * .  pr.id  J -t  a  u ni directional  c i: rrcn :  of  pc ri v^dically  x'ary- 

«•     ir       »■•  r*!  ••  ,  •  *•"• 

■      '/,        ^~.     ~      ■,■■  ■ 

\'  .T.'-:  '.'^-r'!'  I\:.'VC7:oN  A  it -v  k  \t'/>.  :.  i..  .stationary  appa- 
.ra'.j-  •..•:i.'  ;'•'>•  t'-'::'-tric  enerj\-  t:>  Liectric  cnero'  throujjh  the 
:.'i'.'j-.v    ',»■  :.':<-.;• 'j'.'tic  en err>'.     These  c."^nvpri>e  : 

<r  '1  r<,'  'vrrrjer^.  or  stationarv  ind;:ct:- -n  at^paratus  in  which 
ih';  v"-r:<;.rv  a-.d  v::conQar\'  \\-indini^>  arc  electricallv  insulated 
fror.'i  ':::a':h  <>thw. 


CLASSIFICATION   AND   NOTATION.  xi 

b.  Auto-transformers,  also  called  compensators :  /.  r.,  sta- 
tionary induction  apparatus  in  which  part  of  the  primary  winding 
is  used  as  a  secondary  winding ;  or  conversely. 

c.  Potential  regulators,  or  stationary  induction  apparatus  having 
a  coil  in  shunt,  and  a  coil  in  series  with  the  circuit,  so  arranged 
that  the  ratio  of  transformation  between  them  is  variable  at  will. 

These  may  be  divided  into  the  following  types,  or  combinations 
thereof: 

1.  Compensator  potential  regulators,  in  which  the  number  of 
turns  of  one  of  the  coils  is  changed. 

2.  Induction  potential-regulators,  in  which  the  relative  posi- 
tions of  primary  and  secondary  coils  is  changed. 

3.  Magneto  potential-regulators,  in  which  only  the  direction 
of  the  magnetic  flux  with  respect  to  the  coils  is  changed. 

d.  Reactors,  or  reactance  coils,  formerly  called  choking  coils  : 
/.  «'.,  stationary  induction  apparatus  used  to  produce  impedance 
or  phase  displacement 

VI.  Rotary  Induction  Apparatus,  which  consist  of  primary 
and  secondary  windings  rotating  with  respect  to  each  other. 
They  comprise : 

a.  Induction  motors. 

b.  Induction  generators. 

c.  Frequency  converters. 

d.  Rotary  phase  converters. 


NOTATION.* 

The  following  table  shows  the  more  important  symbols  used 
in  this  text  and  explains  their  meaning.  A  few  of  these  symbols 
arc  used  at  different  times  to  represent  different  quantities.     Thus 

♦  Non-standard  symlwls  which  are  used  hut  once  or  twice  in  this  treatise  are  not 
pven  in  this  tabic.  The  significance  of  such  symlwls  is  fully  explained  whenever 
and  wherever  they  are  used. 


xii  CLASSIFICATION   AND   NOTATION. 

/  in  some  places  represents  temperature  and  at  another  place  it 
may  stand  for  an  inter\'al  of  time.  The  meanings  of  these  sym- 
bols are  explained  every  time  an  equation  is  discussed  in  the 
text,  and  therefore  s)"mbols  that  are  used  only  once  or  twice  in 
the  text  are  not  jjiven  in  this  table. 

a,  fi,  <^,  t^  are  used  for  angle ;   ^i  is  also  used  for  temperature 

coefficient  of  resistance,  and  for  coefficient  of  linear 
cx|xinsii>n. 
id  magnetic  flux  density. 
C  capacity. 
/:.  I*  electromotive  force  or  voltage. 

/:^  SI  electromotive    force    induced   in  an  armature. 
/:^  MB  electri>motive  force  between   the  terminals  ol 
a  dvnamo. 
/  frequency  of  an  alternating  electromotive  force  or  cur- 
rent in  cycles  jkt  second.     The  letter/ is  also  used 
for  electric  field  intensitv. 
/*'  force ;  sometimes  used  for  field  loss  of  a  dynamo. 
Jf^  magnetomotive  force. 

//  <|uanlity  of  heat  expressed  in  ergs  or  joules. 
//  conical  intensity  of  a  beam  of  light  in  hefners  or  in 

candles. 
J¥  magnetic  field  intensity. 
/,  /  current. 

/^  =£  armature     current,      /  =  shunt    field    current. 
/,  =s  .scries  field  current,     /  =  current   in     external 
circuit. 
The  letter  /  is  also  used  for  the  sectional  intensity  of  a  beam 
ofliLrhl,  or  for  intensitv  of  illumination. 
S^  intensitv  of  magnetization. 
>(•  inductivity  of  a  dielectric. 
A  inductance. 
/  length. 

;;/  magnetic  pole  strength. 
fi  magnetic  permeability. 


CLASSIFICATION  AND  NOTATION.  xiil 

;/  speed  in  revolutions  per  minute  or  in  revolutions  per 
second.     This  letter  is  frequently  used  where  any 
number  of  things,   ;/,  are  to  be  represented   in  a 
formula. 
P  power. 
/  number  of  field  magnet  poles  of  a  dynamo. 
The  letter  p  is  also  used  for  power  factor. 

/'  number  of  current  paths  in  an  armature. 
4>,  ^  magnetic  flux. 
Q,  q  quantity  of  electric  charge. 
Ry  r  resistance. 

R^  =  armature  resistance,  R^  =  shunt  field    resist- 
ance, R^  =  scries  field  resistance. 
Si  magnetic  reluctance. 
p  specific  resistance. 
s  area  of  a  surface,  sectional  area. 
S  stray  power  loss  in  a  dynamo. 
/  time ;  also  temperature. 
T  torque. 
V  linear  velocity. 
cu  angular  velocity. 
\V  work. 
-\',  X  reactance.     The  letter  x  is  also  frequently  used  as  a 

coordinate. 
xf,  z  impedance.     The  letter  Z is  also  used  for  the  number 
of  conductors  on  the  surface  of  an  armature,  and  for 
the  number  of  turns  of  wire  in  a  coil.     The  letter  z 
is  also  used  for  the  number  of  turns  of  wire  per  unit 
length  of  a  coil. 
/f'  =  /*Z /*'  id'  where  Z  is  the  number  of  conductors  on  the  sur- 
face of  an  armature. 
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CHAPTER   I. 


INTRODUCTION. 


ELEilESTARY    ELECTRICITY   AND  MAGNETISM. 

1.  The  magnet.  —  The   name   magnet  was  originaUy  applied 

1  the  lodcstonc,  a  mineral  composed  of  iron  oxide  whicli.  in  its 

ativc  state,  possesses  the  power  of  attracting  iron.     The  lode- 

:i>nc  imparU  its  magnetic  property  to  pieces  of  iron  or  steel 

■hicli  arc  brought  near  to  it     Such  pieces  of  iron  or  steel  are 

ta  be  magHftiscii  and  they  are  called  mapicts.     The  methods 

;  present  employed  for  magnetizing  iron  or  steel  depend  upon 

le  tae  ofthc  electric  current  as  described  later. 

/Uer  *^  a  mofcnet.  —  Certain  parts  only  of  a  magnet  possess 

le  power  of  attracting  iron.     These  parts  are  called  the  poles 

"  the  magnet.     The  poles  of  a  l)ar  magnet,  for  examjile,  are 

luotly  situated  at  the  ends  of  the  bar. 

Comfass.     \'ittning  of  poifs.  —  A  horizontal   magnet  free  to 

im  about  a  vertical  axis  places  itseir  approximately  north  and 

with.     This  &ct  is  made  use  of  in  the  compass,  which  consists 

"  a  pivoted  hnrizDntal  magnet  playing  over  a  divided  drcle.     The 

-pointing  end  of  a  magnet  is  called  its  ucr/A  fii'le  and  the 

rnnting  end  of  a  magnet  is  called  its  snuth  f'oif. 

Jfutka/  actioft  cf  ttc-o  magnets.  —  The  north  pole  of  one  magnet 

nets  the  south  pole  of  another  magnet,  and  the  north  poles 

two  magnets  or  the  south  poles  of  two   magnets  rejicl  each 


ILrMKNTS   OF    ELECTRICAL   ENGINEERING. 

oil^ci  .   ::Mt  i-i.  unlike  maj^nctic  poles  attract  each  other,  and  like 
i!Mi:"ccx'  IV iv."^  rvjH:!  each  other. 

■\v  .\v<..  :'  .:v.:'  c.^ficinirattJ  poles. — The  poles  of  a  magnet. 
iiMt  j^.  :;k*  'iCAts  of  the  attracting  or  repelling  forces,  are  dis- 
t!t!^>;:'A\t  v'\cr  cv^nsidcnible  i.K>rtions  of  the  bar,  generally  the  end 
i\*iiK':'v  ri't<  is  e-^^xvially  the  case  with  short,  thick  bars.  In 
i!n*  kM^c  v*f  '^'-'s-  ^^""  magnets,  however,  the  poles  are  usually 
nK'?\'  "v\r'\  a»i*A:cntrat^.\i  at  the  ends  of  the  bar.  In  the  former 
V  iNv-  :!x-  •H^'c^  »ir^'  s^"''^  ^^^  ^  distributed,  in  the  latter  case  the 
.s»\>.  .IV  ^I'.v'  ^'  ^-^*  vapproximiitely)  concentrated. 

■ 

I  !n'  v'  v'n^'f^t.ir>  thcv^ry  of  magnetism  in  its  simplest  aspects 

.ipr-K'^  **   i^''-*^  ""^-"^  nuii:!tcts  :  that  is,  to  magnets  with  concen- 

i'  I'.vvi     svx*^  .^'"^t   ^^'^^  u^ilv^wing  discussion  applies  primarily  to 

XI     •  -.'M    -v^       1 ''v.*  various  definitions  maybe  applied,  however, 

.  ...I    -ki^  vvr:!'.  vil'-invnuod  poles  although  rigorous  statements 

.     ' -v  .  ixo  \v!N  ooit^plex.  involving  elaborate  use  of  differ- 

I-..:    ■••Lx  .•■   i-    va'.v.'uluS. 

V'    Siiv»i:ih  ot  jK^le.    -  The  {x^les  of  a  magnet  attract  iron  with 

.  -   V'    u\  vMvlini:  to  the  si7-e  of  the  magnet  and  ac- 
.'.'   .•,..;,.-.^lv^o<s  with  which  the  magnet  has  been 
1  '•,   vlv'-i  or"  .1  nia^jnet  are  said  to  be  strong  when 

>uvl  with  rcLuivcly  great  force. 

r     .,  \.V  st^'iti^th. — A  magnet  pole  is  said 

ih    ,M    t,.  !v  a   unit  pole,  when  it  exerts  an 

..'  ,  ...  ..'  .^'u*  vl\  no  upon  an  equal  *  pole  at  a  dis- 

Ml .Hu  s  ■   .i*^'.  tho  force  in  dynes  with  which  a  unit 

I    .'^^.'^\   p.^Iv'  ^i  .1  distancc  of  one  centimeter  is 

.        '  '       \u,   o.MiMu.il  uK-a-uro  of  the  strength  of  the  given 

.   I 

\    III  I    •>    M 


.1  ^  >■■' 
till    ■ ».    ■ 
\ 

I 


'  ,  .1^   ,.,         uuitN  ^ireni^th  at  a  distance  of  one  cend- 


,   J,,. I.    ..I    unit   Mioni^th  is,  according  to  the  above 
,j,.  ^. ,,  .1  ,.,  u  polled  with  a  force  of  w'  dynes.     If  the 
"/  , '  ,    , .  ,.u. ,  J  l.x  a  polo  yA  m'  units  strength  the  force  be- 

,  ,,,,    .1. ,,,.„  ilu-  iK.Ks  of  two  entirely  similar  magnets  which 

',    "  .'    ,..'.,  .Ii M  ..t.  "i^H  »'*•  toi..ulorca  to  l)C  eiiual. 
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tmies  as  great,  or  m'w"  dynes.  That  is,  a  pole  of 
'  units  strength  at  a  tljstance  of  one  centimeter  from  another  pole 
if  w"  units  strengtii  is  attracted  or  repelled  with  a  force  of  m'm" 
lyncs, 

3.  Conlomb'a  law.  —  The  fiyrcc  of  ailr action  or  repulsion  of  Iwo 
magnet  ftflts  is  ittversety  proporiional  to  tiu  square  of  the  distance 
%etu.tfn  them.  This  fact  was  established  experimentally  in  i8oo 
ly  Coulomb  who  measured  the  force  of  attraction  of  two  magnet 
»olcs  at  X'arious  distances  apart  A  long  slim  magnet  was  sus- 
tcntled  horixontally  by  a  wire,  thus  forming  a  torsion  pendulum. 
)ne  pole  of  another  long  slim  magnet  when  brought  near  to  one 
f  the  poles  of  the  suspended  magnet  caused  a  twist  of  the  sus- 
*  wire  and  from  the  observed  angle  of  twist  the  value  of 
he  attracting  or  repelling  force  was  calculated. 

C^tupieU  expression  for  the  force  of  attraction  of  two  magntt 
x4ri,  —  According  to  the  previous  article  two  poles  w'  and  m" 
ttnct  Of  rcpcj  each  other  with  a  force  of  m'm"  dynes  when  they 
re  one  centimeter  apart,  tlicreforc.  according  to  Coulomb's  law, 
be  pules  attract  or  repel  with  a  force  of  m'm" jt*  dynes  when 
luy  are  r  centimeters  apart.     That  is 


(I) 


w^di  w»'  and  m"  arc  the  respective  strengths  of  the  magnet 
ties,  ris  their  distance  apart  in  centimeters,  and  F  is  the  force 
dyaes  »-ith  which  they  attract  or  repel  each  other. 
Algr^rate  sign  of  inagnet  /•ole.  —  The  poles  m'  and  »m"  are 
iJce  fa)  »»gn  when  both  are  north  poles  or  when  both  arc  south 
lies.  In  either  case  the  product  n^tt^'  is  positive,  and  in  this 
ae  tlie  force  F  in  equation  (i)  is  by  experiment  a  repulsion; 
it  f*  convenient  to  consider  the  force  }•  as  a  positive 
when  it  is  a  repulsion.  On  the  other  hand  m'  and  «/'  arc 
<fte  m  sign  when  one  is  a  north  pole  and  the  other  a  south 
lie     In  thtt  owe  the  product  m'm"  is  negative  and  the  force  F 
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ill  rnualion  (i)  is  a^  attraction.  It  is  customar>"  to  consider  a 
iinrlli  iM»lc  as  positive  and  a  south  pole  as  negative. 

lu/natify  of  north  and  south  poles  of  a  magnet.  —  The  t^vo 
jMih'i  of  a  ma^^nct  are  always  equal  in  strength  though  opposite 
in  'lijin.  W  lu-n  a  magnet  is  broken  in  two,  each  piece  is  a  com- 
plih-  iiMpju-t  with  a  north  pole  and  a  south  pole. 

A  l).ii  i»f  sti-rl  may  be  irregularly  magnetized  so  as  to  have 
iiiir  nt  ini»n'  north  |)olcs  and  one  or  more  south  poles;  one  or 
moll- of  thi-  poirs,  sometimes  called  consequent  poles,  being  near 
\\\\  luiilillr  of  the  Imr.  In  such  a  case  the  sum  of  the  strengths 
n(  .til  lilt*  north  poles  is  equal  to  the  sum  of  the  strengths  of  all 

III    \\\V  •iOlllll  pttlrs. 

It  I'j  oliin  mnvrnient  to  sjK'ak  of  an  isolated  viagnct  pole  ^  mean- 
jii)'  iiiir  pnir  ul  .1  vrry  long  slim  magnet,  the  other  pole  of  which 
|.t  .11  l.ti  .iw.iv  .1'.  to  Ih'  negligible  in  its  effects. 

\  MitK"rtli'  field.  --  A  magnetic  field  is  any  region  in  which  a 
in.ii;ii«  t  pnlf  il  pn'MMit  is  acted  ujx>n  by  a  force  tending  to  pull  it 
Ml  Mill  tliirtlinn  tM  another.  For  example,  the  region  surround- 
in,'  i  imi.iul  I.  .1  iiiaj'.nrtii'  field;  the  region  surrounding  a  wire 
I  .III  \  ii»i;  in  » In  iiii  luncnt  is  a  magnetic  field  ;  the  behavior  of 
I  i.iiiii'i      in  t  «llr '.hows  that  the  entire  region  surrounding  the 

I  '11  ill  I      I  III  ii:miu    t'ulil. 

\  III  1.  ii«  In    II,  1,1  ha-,  other  important  effects  besides  the  force 
'•••* ^'«|'  •»  i»  '  Mil",  upon  a  magnet  j-Kile ;  however,  this  force 

•  •'  •••  •  ■  III*    I  H»  1 1  N\hii  h  is  usually  employed  as  a  basis  for  the 
"    "    *"••  "'  III*    nU.r.  of  ilireotion  and  intensity  of  a  magnetic 

'•  '  '  ••'   '  I""'*'       « •uin  a  ni.i^;nctio  field,  the  field  surrounding  a 
*•       •*  •  ^  *'M'  •  !• » lin   »  mirni  l\>r  example  ;  in  order  to  direct  at- 

•  ""  ■••  •  '  ""    iMtiiu*  i»t  ihis  tWKl  at  a  given  point  we  imagine 
'•' •   1'"''    rl»»«il  at  that  point,  and  we  consider  the  force 

"'•       '•''•'    " M    ait«.    upon    this   |H>le.     A  magnet   pole 

'■'  '•  '    "  •  '•  •'•  •'•«  =  vx.iv  as  an  iiulicator  of  magnetic  field  we  call 

I  •       / 

' "    •  '"••«■"..'.•.  /■..'./  „f.i/>i':nf.  —  A  m^netic  field  is 

'  •"  '"  ' "'•  wl««i«  u  »\nts  rt  relatively  great  foiceupona 
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'cn  test  pol«.  A  given  magnetic  field  usually  varies  greatly 
intensity  from  point  to  p«int,  Thus  the  magnetic  field  due  to 
-magTict  j4  is  much  more  intense  at  points  near  the  poles  of  the 
gnct  than  it  is  at  points  remote  from  the  poles,  for  a  test 
lie  is  acted  upon  by  a  much  greater  force  when  it  is  near  one 
the  poles  of  A  tlian  wiien  it  is  at  points  remote  from  both 
lies  of  ^. 

Tlufffree,  PC,  in  dynts  whick  acts  upon  a  unit  test  pole  when  the 
is  placed  at  a  giffn  point  in  a  magmtic  Jield  is  adopted  as  the 
mcrieai  measure  of  the  intensity  of  tiu  magnetic  field  at  the  given 
Tin's  force-per-anit-test-pole,  X,  is  hereafter  spoken  of 
iply  as  the  intensit)-  of  tlie  magnetic  field  at  a  point. 
The  force  F  with  whicli  a  magnetic  field  acts  upon  a  test  pole 
M  units  strength  is  in  times  as  great  as  the  force  S(  with 
jch  the  field  acts  upon  a  unit  test  pole  placed  at  the  same 
int.     Therefore 

F  =  miH-  {2} 

which  F  is  the  force  in  dynes  which  acts  upon  a  test  pole  of 
ncQgth  m  when  the  pole  is  placed  in  a  magnetic  field  of  which 

tntensii)*  is  .5f, 
The  International    Electrical  Congress  of    1900  adopted  the 

gmist  for  the  unit  field  intensity. 
Dinetimi  of  a  magnetic  field  at  a  point.  —  The  force  with 
ocb  a  magnetic  field  acts  upon  a  north  pointing  test  pole  is 
direction  to  the  force  with  which  the  same  field  acts 
a  south  pointing  test  pole  placed  at  the  same  point.  The 
BtMT  if  thf  feret  with  ivhich  a  magnetic  field  acts  upon  a  north 
ing  lest  pole  is  adopted  cotnvntionally  as  the  direction  of  the 
M  the  point. 

MnmgentoHi  fieteis  and  non-kmnetgeneous  fields.  —  A  magnetic 
Id  generall)'  vafie«  tn  intensity  and  in  direction  from  point  to 
EaL  Such  a  field  is  said  to  be  non -homogeneous.  A  magnetic 
Id  whkh  has  cvcr^'whcrc  the  same  intensity  and  the  same  di- 
is  called  a  homogeneous  or  uniform  field. 
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f;'ufr.i:i.\'  .:■:.:.'.—■  .'•'  mA^H.tw jf.i'J.  —  (.^t  A  steadily  moving 
liiiuiil  Has  .1!  cich  poir.t  a  detinite  velocitj-  in  a  definite  direction 
ami  tlic  trcn^i  of  a  steadil\-  moviiii;  li^iuid  may  best  be  pictured  in 
the  miiul  b>-  itn-i^nJiing  irurved  lines  drawn  through  tlie  liquid, 
thcsi,-  liiios  Wv.v^  .:.*  ~.i^-':  A'.'':.'  in  the  direction  of  the  velocit>'  of 
ihi.'  Iii'uiii  .:.•  -"-■-■-'  /t ■■'.'"-  Such  lines  are  called  stream  ihus. 
W'lu'iv  tlu"  :itrtani  lines  .ire  croivdt.'d  together  the  velocity  of  the 
liqtiitl  is  t;iv.it,  .v.xd  where  the  stream  lines  are  spread  apart  the 
wKvit^  .'t'  the  liquid  is  small.  When  the  stream  lines  arc 
ikii.UU'  !-it.iti;!i[  lines  the  veWity  of  the  liquid  is  everj-where  the 
s,uiie  111  (.line  .irid  in  direetion.  and  the  motion  of  tlie  liquid  is 
vii.!  U'  I'e  !iom>>i;eueous  v-r  iinifomi. 


It  I  uh  point  a  dcfimte  nittn^itj  in  a 
ii>l  I't  I  mi^mtic  field  m^y  be'.t  be 
1  mini;  iiirMd  lines  drawn  through 
r'  ..J  //  /•>■  *//  in  the  direction  of  the 
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^  that  point.  Such  lines  are  called  lines  of  force.  Where  J 
[he  lines  of  force  are  crowded  together  the  intensity  of  the  field  I 
It  great,  and  where  the  lines  of  force  are  spread  apart  tlie  intensity  I 
lof  the  field  is  small.  When  the  lines  of  force  are  parallel  straight  I 
pines  the  intensity  of  tlie  magnetic  field  is  everywhere  the  same  in  \ 
lvalue  and  in  direction,  and  the  field  is  said  to  be  homogeneous 
luiuTorm. 

Magnetit  figures. — The  trend  of  the   lines  ot   force  in  the 
I  ocigliborhood  of  a  magnet  is  beautifully  shown  by  placing  a  pane 
Pof  glass  over  the  magnet  and  dusting  iron  filings  upon  it.     The  , 
1  filttigs,  becoming  magnetized,  tend  to  arrange  themselves  in  fila- 


r 


I  iloni*  rlic  lines  of  force.     Slight  tapping  of  the  gla.<«  ' 

talcs  this  arrangement  of  the  filings.       Figs.  1.2,4,5,6  ami 

F  *rc  pbutugraphtc  reproductions  of  magnetic  figures  obtained 

n  tbtt  »-ay.     Fqj.  l  shows  the  trend  of  the  lines  of  force  in  the 

dghborfaood  of  two  unlike  poles  and  Fig.  2  shows  the  trend  of 

e  Bnes  uT  force  in  the  neighl>orhond  of  two  like  [X)1es. 
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The  force  of  attraction  of  the  t^vo  unlike  magnet  ix)les  of  Fig. 
I  nia\-  be  attributed  to  a  tendency  of  the  lines  of  force  to  shorten, 
\er>'  much  as  if  the  lines  of  force  were  stretched  elastic  filaments. 
This  idea  of  tension  along  the  lines  of  force  of  a  magnetic  field  is 
also  useful  in  giNing  an  insight  into  the  cause  of  the  side  push 
which  a  magnetic  field  exerts  upon  a  wire  carrj'ing  an  electric 
current  as  explained  later. 

Not  only  do  the  lines  of  force  in  a  magnetic  field  have  a  ten- 
dency to  shorten,  but  they  push  each  other  apart  sidewise.  That 
is,  there  is  a  tension  along  the  lines  of  force  and  a  pressure  at 
right  angles  to  the  lines  of  force.  The  repulsion  of  the  two  like 
prjlcs  in  Fig.  2  may  be  attributed  to  this  side  pressure  of  the  lines 
of  force. 

5.  Direction  and  intensity  of  field  near  an  isolated  magnet 
pole.  —  Inasmuch  as  a  test  pole  of  north  polarity  is  attracted 
directly  towards  a  given  south  pole  and  repelled  straight  away 
from  a  given  north  pole,  it  is  evident  that  the  lines  of  force  of  the 
magnetic  field  surrounding  an  isolated  magnet  pole  are  radiating 
straight  lines,  that  the  magnetic  field  near  a  north  pole  is  directed 
away  from  it,  and  that  the  magnetic  field  near  a  south  pole  is 
directed  towards  it. 

Imagine  a  test  pole  of  strength  w'  placed  at  a  point  distant  r 
from  a  given  pole  of  strength  ;//.  The  force  with  which  the  pole 
;;/  acts  upon  the  test  pole  ;;/'  is:  /''=;///;/' /r^,  according  to 
equation  (\)\  but  the  force  acting  upon  the  test  pole  ;;/'  is  equal 
to  the  product  of  the  strength  of  the  test  pole  into  the  field  in- 
tensity at  the  test  pole  due  to  the  given  pole  w,  according  to 
equation  (2).     Therefore 

or 

m 


^^=^  (3) 


Magnetic 
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nctcrs  in  area,  stretched  across  and  at  right  angles  to  a  uniform 
Dagnettc  field  cirintensit>-  A".  The  product  SiV  is  called  the  ma^- 
utU  fittx  across  the  surface.     That  is  : 

*  =  jJV  (4«)   ] 

in  wliich  *  is  the  magnetic  flux  across  a  plane  surface  of  art 
square  centimeters  at  right  angles  to  a  uniform  magnetic  field  of 
intenst>-  A".     When  the  plane  surface  is  not  at  right  angles  to  | 
the  uniform  magnetic  field  then  : 

*  =  jA'cos  q  (4/')  ; 

In  which  6  is  the  angle  between  .3*' and  the  normal  to  the  surface,  1 
When  the  field  is  not  uniform  or  when  the  surface  is  curved  then : 


A*  =  ^cos^-Aj 


(4^) 


Id    which    A<t>   is  the  flux  across  an  clement  of  the  surface  of 
whkh  the  area  is  ^.  cV  is  the  intensity  of  tlie  field  at  the  ele- 
ment of  surface,  and  &  is  the  angle  between  tV  and  the  normal    1 
Id  the  clement  of  surface.     In  this  case  the  total  flux  across  a 
iinilc  surface  is  found  by  integrating  equation  (41"}  over  the  finite  ' 
SuriaoL 

The  unit  flux  is  the  flux  across  one  square  centimeter  at  right 
■i^es  to  a  magnetic  field  of  unit  intensity,  or  it  is  tlie  flux  across 
|/«tb  of  a  square  centimeter  at  right  angles  to  a  magnetic  field 
f  H  units  of  intensity.  The  International  Electrical  Congress  of 
igOO  adopted  the  name  nmxwtU  for  the  unit  flux ;  however,  the   ' 

it  flux  it  almost  iiniversally  called  the  liiu\  and  a  given  flux  is 
tHually  exprc^used  a.s  so  many  lines. 

The  manner  in  which  magnetic  field  is  distributed  in  space  is 
mathematically  identical  with  the  manner  in  which  velocity  is 
diAiibuted  throughout  a  moving  incompressible  liquid.  The 
Kream  line  in  a  moving  incompressible  liquid  are  closed  or 
xntrant  lines.*     Similarly,  the  lines  of  force  of  a  m.-^nctic  field 

■Vntm  Ihenrachni  ntmili  \o  ir<tl[iiiv 
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are  closed  or  reentrant  lines.*  A  closed  surface,  such  as  a 
sphere,  may  be  imagined  to  be  drawn  in  a  moving  liquid,  and  a 
certain  amount  of  liquid  may  flow  into  the  enclosed  region  across 
a  portion  of  the  bounding  surface,  if  so,  then  an  exactly  equal 
amount  of  liquid  must  flow  out  of  the  enclosed  region  across 
some  other  portion  of  the  bounding  surface.  Similarly,  if  mag- 
netic flux  enters  an  enclosed  region  through  one  portion  of  the 
bounding  surface,  an  exactly  equal  flux  must  pass  out  of 
the  enclosed  region  across  some  other  portion  of  the  bounding 
surface,  or  in  other  words,  the  total  magnetic  flux  across  a  closed 
surface  is  zero. 

A  clear  idea  of  the  manner  in  which  magnetic  flux  is  distributed 
in  space  may  be  obtained  as  follows :  Imagine  a  net  stretched 
across  any  given  magnetic  field  and  imagine  the  meshes  of  the 
net  to  be  large  in  area  where  the  field  is  weak  or  where  the  field 
is  inclined  to  the  netted  surface  so  that  the  product  JcVcos  0  is 
unity  for  each  mesh  of  the  net. 

Imagine  lines  of  force  to  be  drawn  through  the  magnetic  field 
starting  from  every  point  in  the  periphery  of  one  of  the  meshes 
of  the  net.     These  lines  of  force  form  a  tube-like  surface  having 

the  given  mesh  for  a  base. 
The  magnetic  flux  across  the 
base  of  this  tube,  b,  Fig.  3,  is 
unity  by  supposition.  The 
magnetic  flux  through  any 
given  surface  s  stretched  across 
the  tube  anywhere  is  also  unity 
For  the  given  surface  J,  the 
base  b,  and  the  walls  zvw  of 
^^^'  ^'  the  intervening  portion  of  the 

tube  constitute  a  closed  surface  across  which  the  total  flux  in- 
wards is  zero ;  but  the  flux  across  the  walls  wiv  is  every- 
where zero  since  these  walls  are  everywhere  parallel  to  the  lines 
of  force ;  therefore  the  flux  inwards  across  b  is  equal  to  the 

*  Unless  the  field  extends  to  infinity. 
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It  1 


flux  outwards  across  s.  The  tube  is  therefore  called  a  /u6^  of  \ 
fiux,  or  since  ihe  flux  through  it  is  everywhere  unity  it  is  o/ten'l 
called  a  unti  lubi. 

Similar  unit  tubes  may  be  formed  by  lines  of  force  passing  out  1 
from  the  peripheries  of  tlie  other  meshes  of  the  net.  In  this  way  I 
the  entire  region  of  the  magnetic  field  may  be  split  up  into  unit  1 
tubei  and  the  magnetic  flux  across  any  surface  anywhere  in  th«  1 
field  will  be  equal  to  tlic  number  of  these  unit  tubes  which  ci 
Uie  surface. 

These  uiut  tubes  may  be  represented  each  by  a  single  line  of  ] 
fi>FCc  drauTi  along  its  axis.     Then  the  magnetic  flux  across  any  J 

ir&cc  anywhere  in  the  field  will  be  equal  to  the  number  of  tliese  I 
lines  (unit  tubes)  which   cross  the  surface.     Unes  of  force  arc 
always  imagined  to  be  drawn  in  a  magnetic  field  so  that  each  line  | 
may  represent  a  unit  tube. 

7.  Mafoetic  flux  from  a  magnet  pole  of  strength  m.  ~  Proposi- 
tion.— The  number  of  lines  of  magnetic  flux  emanating  from  a   | 
Buignct  pole  of  strength  m  is  equal  to   ^wm.     That  is : 


4»  ™  ^iTin 


(s) 


,in  which  4>  is  the  magnetic  fiiix  emanating  from  a  magnet  pole  I 
of  strength  w.     If  the  pole  is  a  north  pole,  the  flux   ^wm   passes 
iMrt  or  diverges  from  it.     If  the  poleisasouth  pole,  thcfiux   ^trm 
puses  in  or  converges  towards  it. 

Prs^  ef  fqualioK  {_>).  —  Imagine  a  spherical  surface  of  radius 
■r  drawn  with  the  pole  »t  at  its  center.  The  area  of  this  spherical 
•urface  is  4tH.  the  field  intensity  at  everj-  jwint  on  this  spherical 
•urfiKC  •  due  to  the  pole  m  is  w/H  according  to  equation  (3). 
J  this  field  is  evcrj-whcre  at  right  angles  to  the  spherical  sur- 
t  Therefore  the  magnetic  flux  across  tlic  spherical  surface  is  ] 
iqual  to   w/{r')  X  4^^*    which  is  equal  to   \irm. 

Rrmark.  —  The  poles  of  a  magnet  are  the  places  where  mag- 
c  flux  passes  from  iron  into  air  (north  pole)  or  from  air  into 
Bwapl  dC  counc  the  tnMll  put  of  the  juHiia  whrrv  Ihr  b*t  of  tlie  magnr.l  p«ua 
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iron  (south  pole).  When  ihc  magnetic  (lux  is  confined  wholly 
to  air  as  in  cast;  of  the  magnetic  field  surrounding  a  wire  canning 
an  electric  current  there  are  of  course  no  magnet  ix>lus.  When 
tJie  magnetic  flux  is  confined  wholly  to  iron  as  in  case  of  an  endless 
iron  rod      the  fom  of  a  rin^  there  are  1  ke  vise  no  nagn  tic  poles 

8    Magnetization  —  \\  1  en  a  piece  of     on  or  other  magnetic 
sub  ]  i       i    n  a  inagnetoc  field    t  becomes  a  n    jnet 

Tin     a     a      f     o     or  sic  1  placed       tl  c  ntcn  e  magn  d    field 
insid    of  a  col    f        eti   o  gl   whcl   an  electn    current      flo 
iiig.  b«c  mcs    t  o  gl>  migi  ctiz  d       -\  neut  al  or  unn  agnctizcd 
bar    f     on     1  en  held    n  the  d  rcction  of  the  earth  s  n  a^nctic 
field  sho   s  north  polanty  at  the  north  pomting  end  a  d  soull 


l^t 


U^^ 


polarity  at  the  other  end.     If  the  bar  is  turned  end  for  end,  llje' 
magnetism  of  the  bar  is  rcvcr.sed.     A  sharp  blow  with  a  ham- 
mer renders  the  bar  more  susceptible  to  the  weak  magnetizing 
action  of  the  earth's   field.     The  polarity  of  the  ends  of  the 
bar  may  be  ea*ily  determined  by  means  of  a  compass  i 
This  action  of  a  magnetic  field  upon  iron  and  stcd  i 
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When  a  piece  of  iron  is  placed  in  a  magnetic  field  the 
itrcnd  of  the  lines  of  furce  in  the  field  is  greatly  altered.  Thus 
Fig.  4  shows  the  effect  of  a  smalt  piece  of  iron  upon  the  magnetic 
field  between  two  flat-tndcd  magnet  poles.  In  the  absence  of 
the  small  piece  of  iron  the  field  is  as  shown  in  Fig.  5. 

The  effect  of  a  piece  of  iron  in  a  magnetic  field  is  always  such 
to  suggest  that  "  iron  is  a  better  carrier  of  lines  of  force  tlian 


original  ^^^| 
Thus  ■ 


The  lines  of  force  lend  to  converge  into  the  piece  of  iron 
land  pas«  through  iL 

9.  The  magnetic  field  due  to  an  electric  wire.  — A  wire  through 

nhtch  an  electric  current  is  flowing  is  called  an  cUctrk  xvire  for 

Vbrevit>'.     The  lines  of  force  of  the  magnetic  field  produced  by  an 

trie  wire  encircle  the  wire.     A  north -pointing  test  pole  tends 

D  aiDve  round  the  wire  in  one  direction  and  a  south-pointing  test 

ole  lends  to  ratn'c  round  the  wire  in  the  opposite  direction. 
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Fig.  6  shows  the  lines  of  force  encircling  a  straight  electric  wire. 
Tile  black  circle  at  the  center  of  the  figure  is  a  section  of  tlie  viix&}f 
and  the  wire  is  perpendicular  to  the  plane  of  the  figure. 


10.  The  composite  magnetic  field  produced  when  a  straight  ele^ 
trie  wire  is  stretched  across  a  magnetic  field   which  but  for  | 


W>'^< 


presence  of  the  electric  wire,  would  be  a  tiuiform  field.  —  The  Ti 
nctic  field  bciwfjn  ;"       '   ■  "        -, 
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uniform.  Let  an  electric  wire  be  stretched  between  the  poles 
perpendicular  to  the  plane  of  the  paper.  The  composite  field 
due  to  the  combined  action  of  the  magnet  poles  and  the  electric 
wire  is  represented  in  Fig.  7,  which  is  from  a  photograph.     The 


■'-;.'•■';;--:.'<■■• 

^^--"-lii^ 

*>'"•"'-,"''• 
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Wfii 
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black  circle  at  the  center  of  the  figure  is  a  section  of  the  wire. 
The  trend  of  the  lines  of  force  near  the  wire  in  Fig.  7  is  clearly 
shown  by  the  dotted  lines  in  Fig.  8,  which  is  from  a  drawing. 

Side  push  OH  an  electric  wire  stretched  across  a  uniftirm  mag- 
netic field,  that  is,  a  field  which  would  be  uniform  bul  for  Ihe  pres- 
ence of  the  wire.  The  electric  wire  a.  Fig.  8,  is  pushed  sidewisc 
by  the  ma<;netic  field  as  indicated  by  the  arrow  F.  This  force  is 
at  right  angles  both  to  the  magnetic  field  and  to  the  wire,  and  it 
maj-  be  ascribed  to  the  tendency  of  the  lines  of  force  to  shorten 
themselves. 

11.  Strength  of  canent.  —  Consider  a  straight  electric  wire 
stretched  across  a  uniform  magnetic  field  of  unit  intcnsit)',  the 
wire  being  at  right  angles  to  the  field  as  described  in  the  forego- 
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ing  article.  Tlu  farce  in  dynes  with  which  tite  field  puslies  side- 
wise  on  one  centimeter  of  this  wire  is  adopted  as  tlu  numerical 
measure  of  the  strength  of  tlu  current  in  the  wire.  This  force-per- 
unit-length-of-wire-per-unit-field-intensity  is  hereafter  called,  sim- 
ply, the  strength  of  the  current  in  the  wire  ;  let  it  be  represented  ' 
by  /.  The  force  pushing  sidewise  on  /  centimeters  of  wire  in 
unit  field  is  //  dynes,  and  if  the  field  intensity  is  cV  units  inteasit>' 
instead  of  one  unit  intensity,  the  force  is  multiplied  <?f  times,  be- 
coming IliK  dynes.     Therefore 

F=Ii9{  (6)* 

in  which  F  is  the  force  in  dynes  pushing  sidewise  on  /  centi- 
meters of  wire  which  is  stretched  across  a  magnetic  field  of  X 
units  intensity,  and  /  is  the  strength  of  current  in  the  wire. 

The  c.g.s,  unit  of  current  and  the  ampere,  —  When,  in  equa- 
tion (6),  F\%  expressed  in  dynes,  /  in  centimeters,  and  ^fin  c.g.s. 
units  or  gausses,  then  the  current  strength  /  is  expressed  in 
c.g.s.  units  of  current.  That  is,  the  c.g.s.  unit  of  current  is  one 
dyne-per-centimeter-per-unit-field-intcnsity,  or  it  is  a  current  of 
such  strength  that  one  centimeter  of  a  wire  in  which  it  flow\s  is 
pushed  sidewise  with  a  force  of  one  dyne  when  the  wire  is 
stretched  at  right  angles  across  a  magnetic  field  of  unit  intensity. 
The  so-called  practical  unit  of  current,  the  ampere^  is  one  tenth 
of  a  c.g.s.  unit  of  current!  The  c.g.s.  unit  of  current  is  called 
the  ahampere, 

*  When  /  and  9C  are  not  at  right  angles,  then 

/'=  II  9(€\n  a 

in  which  n  is  the  angle  between  / and  cY.     In  this  case  /'is  at  right  angles  to  both  / 
and  cV  as  before. 

fThe  definition  of  current  strength  as  dynes-per-unit-field-pcr-centimetcr-lcngth- 
of- wire,  the  wire  being  at  right  angles  to  the  field,  is  essentially  a  very  concise  state- 
ment of  the  fundamental  method  of  measuring  current.  This  fundamental  method  of 
measuring  current  is  a  very  difficult  operation.  It  has,  however,  been  carried  out 
with  slight  modifications  and  the  c.g.s.  unit  current  has  been  found  to  deposit 
o.oi  1 18  gram  of  metallic  silver  per  second  from  pure  silver  nitrate.     On  Ae  btsu  of 
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DireetioH  of  (urrdtt.  —  A  magnet  pole  tends  to  move  round 

an  electric  wire  as  stated  in  Art.  9.     The  current  \s  by  common  I 

t  considered  to  flow  along  the  wire  in  the  direction  in  which  ] 

a  right-handed  screw  coaxial  with  the  wire  would  travel  if  turned  1 

in  the  direction  in  which  a  north  pole  tends  to  move  round  the  ] 

re. 

The  relative  directions  of  a  current  in  a  wire,  tlie  magnetic 
field  ^in  which  the  wire  is  placed,  and  of  the  side  push  i**' acting 
on  the  wire  may  be  determined  as  follows  :  The  field  due  to  the 
current  circles  round  tlic  wire  in  a  direction  which  is  easily  deter- 
mined from  the  above  convention  as  to  the  direction  of  current, 
vrhen  the  direction  of  the  current  is  given.  This  field  due  to  the 
current  works  against  or  weakens  Ihe  field  JV'on  one  side  of  the 
wire,  and  strengthens  the  field  «Von  the  other  side  of  tlic  wire,  as 
sbowit  fai  Fig.  S.  The  wire  is  pushed  away  from  ihe  side  upon 
which  the  composite  field  is  intca^e. 

IS.  btensity  of  the  magnetic  field  atthe  center  of  a  circular  coil  of 
Jie,  —  Fig,  9  shows  a  circular  coil  df  wire  of  radius  r  through 

which  a   current   of  strength    / 

b  flowing.      It  is  required  to  ile- 

tcmunc    the    intcnsit}*,    at    the 

center  of  the  coil,  of  the  mag- 
netic field  due  to  the  current  in 
I.     Imagine  a  test  pole  of 

Strength  m  placed  at  the  center 
r  the  cnil.     This  test  pole  pro- 

dueu  a  magnetic  field  which  is 

evcrjift-herc  at  right  angles  to  the 

Hire  of  the  cciil.  and  of  which  the  intensity  at  the  wire  ia  iw/r*. 

by  equation  (3).     The  action  of  this  field  on  the  wire  is  to  push 
e  wire  sidewise  (towards  the  reader  in  Fig.  9).  and.  by  equation 

[61.  the  (btce  with  which  ttie  wire  is  pushed  is   /  X  length  of  wire 

','ic  tMrniBllnn*!   Kltrtriul  Congrcu  of  1893  drlinrfl  the  mpctc 
-I  vfl]  ilqNHll  aooi  1 18  gfam  of  tilvec  pei  teconil  Iron)  a  anlutton 
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in    coil    X  ffijr^ ;    but  the  length  of  wire  in  the  coil  is   iirrZ, 
where  Z  is  the  number  of  turns  of  wire  in  the  coil.     Therefore, 

r^         r  -^         ''^  2'irZI 

/^  ^  /  X  zirrZ  X    o  = X  m 

n  r 

This  is  the  force  with  which  the  test  pole  acts  on  the  coil  of 
wire.  The  coil  of  wire  acts  upon  the  test  pole  with  an  equal 
and  opposite  force,  but  the  force  with  which  the  coil  acts  on  the 
test  ix>le  is  equal  to  w^>//,  where  cV  is  the  intensity,  at  the  test 
|K>lc,  of  the  field  due  to  the  coil.     Therefore 

^      2irZI 
dim^F^     —  -m 

r 

or : 

in  whii'h  JVis  the  intensity  in  gausses  of  the  magnetic  field  at  the 
ifulcr  of  a  I'iroular  cimI  containing  Z  turns  of  wire,  r  is  the  radius 
ol  thr  i'oil  in  centimeters,  and  /  is  the  current  in  the  wire  in 
c.^  s.  unilH  or  »vlMmivros. 

I  hi*  iHli'u^itH  ^'1  t^t^'  iim^uetio  ndd  ut  a  point  in  the  axis  of  a  circular  coil  at  a 
«|u(Aitu  w  wuUiuolci'*  lixuu  the  plane  of  the  coil  is 

\\\  ^\\\\\\  '  »«  ''»»*  »'»»»^'«''  **f  lu»UN  v>f  wire  in  the  coil,  r  is  the  radius  of  the  coil  in 
ituUuui*  «^.  '  \*  »'»«'  \«M\nt  stion^ih  in  c.g.s.  units,  and  </,  as  above  stated,  is  the 
il(H(,uut  i»*«»»«  0«»  \A\\w  v»i  \W  i^mI  to  the  jx^int  where  oVis  reckoned. 

...  .  V  ^.v^  l«n<\^inc  a  test  pole  of  strength  m  placed  at  the  given 
imiht  1 1>»  «"  1*^  u»iru,u\  at  tlir  win'  due  to  this  pole  is  m\{r* -{■  d^),  Thecompo- 
\\\  \\\  »•»  iln.  »*»  '»^  »»>  *'»»  yU\w  oi  ihe  a>il  is 

.oiil  Ho  ■  » .M»»pou»  Ml  |n««lu  *  llu'  umI  sivU'wise  with  a  force  equal  to  ^ 

rm 

nu«   -uu    t M\-»»M»hN'H»Mmaisciiualto  woV  so  that 


t..ii. 
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Magnetic  field  inside  of  a  long  solenoid.     A  winding  of 

called  a  coil.     The  usual  form  of  coil  consists  of  wire 

on  a  spool.     When  the  spool  is  very  short  and  large  in 

:r  the  coil  is  called  a  circular  coil.     The  intensity  of  mag- 

rld  at  the  center  of  a  circular  coil  is  discussed  in  the  fore- 

.rticle.     When  the  spool  is  very  long  in  comparison  with 

icter  the  coil  is  called  a  solenoid.     The  solenoid  is  usually 

y  winding  one  or  more  layers  of  wire  on  a  long  tube. 

magnetic  field  in  a  long  solenoid  is  uniform,  that  is,  the 

s  the  same  intensity  at  every  point  inside  of  the  solenoid 

t  same  direction,   namely,   parallel   to  the  axis  of   the 

i. 

intensity  in  gausses  of  the  magnetic  field  inside  of  a  long 

1  is : 

cV=47rj/  (9) 

h  z  is  the  number  of  turns  of  wire  per  centimeter  length 
noid.  and  /  is  the  current  in  abamperes.     Equation  (9) 

written  : 

Z 

c7r=47r-  '•/  (10) 


aX 


•r 


h  Z  is  the  total  number  of  turns  of  wire  on  the  solenoid 
the  length  of  the  solenoid  in  centimeters. 

>xi'«  y*f  cjttiitLm  (9).  —  The  equation  gives  the  intensity  of  the  magnetic 
ery  jxjinl  in  a  long  solenoid,  except  at  points  near  the  ends  of  the  >ole- 
i    it    is   true  whatever 

of  the   >cction  of  the  t  ■■^^— iF— ^ 

The  following  proof 
on  '  9 )  applies  how- 
points  in  the  axis  of 
ical  solenoid. 
g-  10  represent  a  por- 
long  cylindricil  solen- 
dius  r,  having  c  turns 
r  centimeter  of  length 
ing  current  /.     Let/ 

nU  in  the  axis  of  the  solenoid,  at  which  the  field  intensity  is  to  he  detcr- 
element  of  the  solenoid  contributes  its  share  to  the  intensity  of  field 


.A-^-. 


■r 
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at/.  Let  SSV  be  the  field  intensity  at  /  due  to  that  element  of  the  coil  which  is  at 
a  distance  x  to  the  right  of/,  which  element  is  of  length  Ax  and  has  m  Xx  tuns 
of  wire.     Then  from  equation  (8)  we  have  : 

Integrating  this  expression  from  ar=:-foo   to  x= —  oo    gives   9(=  ^.ttzL 

14.  Electrical  resistance.  Joule's  law.  —  When  an  electric 
generator  produces  an  electric  current  in  a  circuit  a  part  of  the 
work  expended  in  driving  the  generator  reappears  as  heat  in  the 
various  parts  of  the  circuit.  The  electric  current  seems  to  be 
opposed  by  a  kind  of  resistance  somewhat  analogous  to  the 
resistance  which  a  pipe  offers  to  the  flow  of  water.  A  portion 
of  a  circuit  is  said  to  have  more  or  less  resistance  according  as 
more  or  less  heat  is  generated  in  it  by  a  given  current 

Joule  s  law.  —  The  rate  at  which  heat  is  generated  in  a  given 
wire  is  proportional  to  the  square  of  the  current  flowing  in  the 
wire,  or  the  amount  of  heat  generated  in  a  given  wire  is  propor- 
tional to  the  square  of  the  current  and  to  the  elapsed  time,  that  is 

H=Rnt  (ii) 

in  which  //  is  the  amount  of  heat  generated  by  the  current  /  in 
/  seconds,  and  -^  is  a  constant  for  the  given  wire.  The  constant 
R,  units-of-heat-per-(unit  current)--per-second,  is  adopted  as  the 
numerical  measure  of  the  resistance  of  the  A^ire,  and  it  is  called 
the  resistance  of  the  icirc. 

The  c.g.s.  unit  of  resistance,  —  When  in  equation  (ii),  H  is 
expressed  in  ergs,*  /  in  c.g.s.  units,  and  /  in  seconds,  then  R  is 
expressed  in  terms  of  a  unit  called  the  c.g.s.  unit  of  resistance,  or 
the  abohm. 

The  Ohm,  —  When  in  equation  (i  i).  //  is  expressed  in  joules,* 
/  in  amperes,  and  /  in  seconds,  then  R  is  expressed  in  ohms. 

*  Heat  is  best  expresse<l  in  terms  of  its  energy  value.  Thus  one  erg  of  heat  is  the 
quantity  of  heat  which  is  the  equivalent  of  one  erg  of  work  ;  one  joule  of  beat  is  the 
quantity  of  heat  which  is  the  equivalent  of  one  joule  of  work.  There  are  4.8  jc 
in  one  calorie. 
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;  is,  a  wire  has  a  resistance  of  one  olim  when  one  joule  of 
;  19  generated  in  it  per  second  by  one  ampere  of  current, 
e  ohm  is  equal  to  lO*  abohms. 

Spreifif  r-rsisMnce.  —  The  resistance  of  a  wire  is  proportional  to 
t  length  of  the  wire  and  inversely  proportional  to  the  sectional 
iarca  of  the  wire.     That  is  : 


R~p  -, 


(.") 


\  in  wtticb  R  is  the  resistance  of  a  wire  of  given  material.  /  is  the 

length  of  the  wire,  s  is  the  sectional  area  of  tJie  wire,  and  p  is  a 

coti-<otant  which  is  called  tlie  rtsislivily  or  sptcific  r<s,isUiiKe  of  tlie 

material  of  which  the  wire  is  made.     The  specific  resistance  is  the 

rcTOstancc  of  a  wire  of  unit  length  and  of  which  the  sectional  area 

1  unit)'.     Electrical  engineers  ordinarily  express  length  of  wire 

in  f€€t  and  sectional  area  in  circular  mils.      In  this  case  p  is  tlie 

>  resistance  of  a  wire  one  mil   in  diameter  and  one  foot  long  ;  tlie 

''mil-foot"  of  wiic  as  it  is  sometimes  called.     The  resistance  of 

I  mil-lbat  of  ordinary  commercial  copper  wire  at  ordinary  room 

raturc  is  about  lO.S  ohms. 

tmpufna  i>f  Umfseralurt  oh  risistancf.  —  The  resistance  of  a 

Sk-ire  dependt  not  only  upon   length,  size  and  material,  but  also 

mpon  tempeniture.     Mcst   metallic   wires  increase  in   resistance 

I  r»c  of  temperature. 

The  increase  of  resistance  of  a  given  wire  due  to  a  rise  of  teni- 

rature  b  proportional  to  the  initial  resistance  and  approximately 

proportional  to  the  rise  of  temperature  ;  that  is.  if  R^  is  tlic  resist- 

t  of  a  wire  at  some  standard  temperature,  say  o°  C,  then  the 

icreau:  of  rcMstancc  when  the  wire  is  heated  to   /*  C.    is  equal 

■   &Rj,    where  ^  is  a  proportionality  factor.     Therefore  the  total 

B  ff.  of  the  wre  at   t"  C.  is    R,  =  R^  +j8/?/.   or 


JP,  =  /?.,(  I  +0f) 


(■3) 


The  quantity  0  is  called  the  fcm/vru/itrc  eoefficicnl  of  rcsist- 
t  at  the  gi^-cn  materiaL     For  many  pure  metals  ff  has  ncarl)* 


22  ELEMENTS  OF   ELECTRICAL   ENGINEERING. 

the  same  value,  namely,  O.CXDJ/,  that  is,  the  resistance  of  a  pure 
metal  is  very  nearly  proportional  to  the  absolute  temperature  as 
measured  by  an  air  thermometer.  The  value  of  fi  for  high  grade 
commercial  copper  is  about  0.004  P^^  centigrade  degree. 

Solutions  of  acids  and  salts,  graphitic  carbon,  and  nearly  all 
so-called  insulating  substances  such  as  glass  and  rubber,  decrease 
in  resistance  ynXh  rise  of  temperature ;  in  other  words  their  tem- 
perature coefficient  of  resistance  is  negative. 

^^.  15.  Power  required  to  maintain  a  current  in  a  circuit  expressed 

in  terms  of  resistance  and  current.  —  When  the  work  which  is 

spent  in  maintaining  a  current  all  appears  in  the  circuit  as  heat, 

then  the  rate  at  which  heat  appears  in  the  circuit  is  equal  to  the 

rate  at  which  work  is  done  in  the  maintenance  of  the  current. 

Therefore,  the  power  P  required  to  maintain  a  current  /  through 

a  wire  having  a  resistance  R  is  equal  to   RP  if  no  portion  of  the 

power  is   used  for   producing   mechanical  or  chemical  effects. 

That  is : 

P^RP  (14) 

in  which  P  is  the  power  in  watts  (joules  per  second)  required  to 
maintain  a  current  of  /  amperes  through  a  wire  having  R  ohms 
of  resistance.  Of  course  equation  (14)  holds  true  when  all  quan- 
tities are  expressed  in  c.g.s.  units.  {P  in  ergs  per  second,  /  in 
abamperes,.and  R  in  abohms.) 

16.  Electromotive  force.  —  It  may  seem  from  equation  (14) 
that  the  power  delivered  by  a  generator  should  be  proportional 
to  the  square  of  the  current,  but  the  current  delivered  by  a  given 
generator  under  fixed  conditions  can  be  increased  only  by  reduc- 
ing the  resistance  of  the  circuit  to  which  the  generator  delivers 
current.  In  fact  the  power  delivered  by  a  given  generator  under 
fi-xed  conditions  of  running  is  very  nearly  proportional  to  the  cur- 
rent so  that  the  ratio  P/ /  is  nearly  constant.  This  ratio  P/ /, 
whether  it  is  constant  or  not,  is  called  the  clccirafuotive  force  of  a 

generator.     That  is : 

P^Ef  (15) 
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1  which  P  is  Uie  power  delivered  by  an  electric  generator,  /  is  j 
c  current,  and  £  is  the  electromotive  force  between  the  gener-  J 
Mot  temiiiiaLs,     The  electromotive  force  between  tiie  terminals  1 
r  a  generator  is  analogous  to  the  pressure-difference  between   ' 
inlcl  and  outlet  of  a  fan  blower.     An  increase  of  current  deliv- 
ered by  a  generator  •  usually  causes  a  decrease  of  electromotive 
toTCc  between  the  terminals  of  the  generator  very  much  as  an  in- 
creased delivery  of  air  by  a  fan,  by  opening  the  outlet  for  ex- 
implc,  causes  a  decrease  of  pressure  difference  between  inlet  and 
Dtitlct  of  the  fan, 

VHiatisfactory  citaracler  of  fundamental  dffnition  of  electro- 
f  finve. — The  definition  of  a  physical  quantity  consists  in 
/  case  of  a  concise  statement  of  tlie  fundamental  metliod  of 
tneasuring  that  quantity,  and  when  this  fundamental  method  of 
:a.suring  a  quantity  involves  operations  which  are  not  feasible 
tmdcr  the  ordinary  conditions  of  practical  work,  the  definition 
Uwaj-s  seems  more  or  less  unsatisfactory.  Thus  the  above  defini- 
tion of  electromotive  force,  as  units-of-work-per-second-per-ampere, 
s  that  the  rate  of  doing  work  in  pushing  a  current  through 
>  drcuit  is  to  be  measured  directly  in  mechanical  units  This  can 
I  be  done,  but  it  is  an  operation  of  great  difficulty  and  one 
t  ia  seldom  performed. 

[kfinUion  ef  tiretromoth-t  force  based  on  Ohm's  laxv.  —  When 
ill  th<  work  which  is  delivered  to  an  electrical  circuit  is  used  to 
t  the  circuit  in  accordance  with  Joule's  law,  a  simple  relation, 
called  Ohm's  hiw,  exists  between  current,  resistance,  and  clcctro- 
c  force,  and  the  simple.st  method  of  measuring  electromotive 
c  (and  thcn-forc  the  simplest  definition  of  electromotive  force) 
s  based  on  Ohm's  law. 

IT.  Oho'B  Uw.  —  An  important  relation  between  clectrnmotive 
TTctit  strength,  and  resistance  exists  in  the  case  of  a  cir- 
lit  in  which  all  of  the  work  delivered  by  the  generator  is  used 
htatmg  tlie  drcuit  in  accordance  w-ith  Joule's  law.  Thus  the 
*faA  u  •  wparaKljr  cidicd  drnamii,  or  ■  ihuni  •lynaimi. 
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rate  at  which  work  is  delivered  by  the  generator  is  £/,  and  the 
rate  of  generation  of  heat  in  the  circuit  is  RP,  When  the  whole 
of  EI   is  used  in  the  generation  of  heat  we  have    £/=  RP    or 

£  =  i?/  {i6a) 

or 

7=^  (i6^) 

This  relation  was  established  by  Ohm  in  1827  and  it  is  called 
Ohm's  law. 

The  volt.  —  When  -^  in  equations  (16)  is  expressed  in  ohms 
and  /  in  amperes  then  E  is  expressed  in  terms  of  a  unit  called 
the  volt.  That  is,  one  volt  is  an  electromotive  force  sufficient  to 
maintain  one  ampere  of  current  through  a  wire  having  a  resistance 
of  one  ohm.  When,  in  equation  (15),  electromotive  force  is  ex- 
pressed in  volts,  and  current  in  amperes,  then  the  power  P  which 
is  delivered  to  a  circuit  is  expressed  in  watts. 

When,  in  equations  (16),  current  is  expressed  in  abamperes 
and  resistance  in  abohms,  then  electromotive  force  is  expressed 
in  c.g.s.  units.  The  c.g.s.  unit  of  electromotive  force  is  called 
the  abvolt.  When,  in  equation  (15),  electromotive  force  is  ex- 
pressed in  abvolts  and  current  in  abamperes  then  the  power  P  is 
expressed  in  ergs  per  second. 

It  is  to  be  particularly  noted  that  equations  (14),  (15),  (16^), 
and  (16^)  apply  to  the  whole  or  to  any  portion  of  an  electrical 
circuit.  Thus  if  i?  is  the  resistance  of  a  transmission  line  deliver- 
ing a  current  /  to  a  receiving  circuit  such  as  an  electric  motor, 
then  RI'^  is  the  power  lost  in  the  line  in  watts,  and  RI  is  the 
electromotive  force  lost  in  the  line.  This  electromotive  force  lost 
in  the  transmission  line  on  account  of  line  resistance  is  called  lim 
drop  of  electromotive  force  or  pressure,  or  simply  //>/^  drop.  Simi- 
larly the  electromotive  force  RI  used  to  overcome  the  resistance 
of  the  armature  of  an  electric  generator,  is  called  armature  drop, 

18.  Series  and  parallel  connectioiis.  —  When  two  portions  of  an 
electric  circuit  are  so  <^'  '  ♦•**•  •ntire  current  in  the  cir- 
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(uit  passes  through  both  portions,  the  portions  are  said  to  be   , 
connected  in  series.     When  two  portions  of  an  electrical  circuit  \ 

so  connected  tliat  the  current  in  the  circuit  divides  and  a  part 
of  it  flows  through  each  portion,  the  portions  are  said  to  be  con- 
nected in  (•aralUl. 

The  ordinary  arc  lamps  whicli  are  used  to  light  city  streets  are 
connected  in  scries  and  the  entire  current  deli\-ered  by  the  light- 
in{;  generator  flows  through  each  lamp.  Or.  ttie  oiher  hand,  if 
tlie  electromotive  force  of  the  generator  is,  say.  4,000  volts,  and 
■if  there  arc  So  similar  lamps  in  series,  the  electromotive  force 
between  the  termuials  of  each  lamp  will  be  50  volts.  The  etec- 
etr.tforee  of  a  generator  is  subdivided  among  a  Hiimber  of 
ftem-ing  daices  connected  in  series. 

The  oriiinar}'  glow  lamps  which  are  used  for  house  lighting 

ire  connected  in  parallel  between  copper  mains  which  lead  out 
from  the  terminals  of  the  generator,  and,  except  for  a  slight  loss 
of  electromotive  force  in  tlie  mains,  the  full  electromotive  force 
of  the  generator  acts  upon  each  lamp.  On  tlie  other  hand,  if  the 
penerator  delivers,  say  i.ooo  amperes,  and  if  there  are  2.000 
tinular  lamps  connected  between  the  mains,  the  current  in  each 
btt^  will  be  Yt  ampere.      Tht-  current  delivered  by  a  generator 

I  sttMividcd  among  a  nninfier  of  receiving  devices  connected  in 
famllel. 

Electric  generators  may  be  connected  in  series.     When  this 

»  done  the  clectromodvc  force  available  for  the  maintenance  of 

:ufTent  is  cijual  lo  the  sum  of  the  electromotive  forces  of  the  in- 
dividual generators. 

Electric  generators  which  have  equal  electromotive  forces  may 

e  connecbx]  in  parallel.  When  this  is  done  the  total  current 
delivered  by  the  set  is  equal  to  tlie  sum  of  tlie  currents  delivered 

I}'  the  individual  generators. 

Combinations  of  scries  and  parallel  connections  are  most  fre- 
quently usciJ   in   grouping  voltaic  cells  and  storage  batteries. 

krics-coimcctcd -groups  of  cells  may  be  arranged  in  parallel,  as 

botm  in  Fig.  tt,  or  paiallcl-connedcd-groups  of  cells  may  be 
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arranged  in  series  as  shown  in  Fig.  1 2.  The  electromotive  force 
of  such  an  arrangement  is  equal  to  nE,  where  n  is  the  number  of 
cells  in  series,  and  E  is  the  electromotive  force  of  a  single  cell. 
The  combined  resistance  of  a  number  of  resistances  connected 
in  series  is  equal  to  their  sum. 


HMMM 

Fig.  U. 


H 


H 


FiS.  12. 


The  combined  resistance  of  a  number  of  resistances  connected 
in  parallel  is  equal  to  the  reciprocal  of  the  sum  of  the  reciprocals 
of  the  individual  resistances. 

19.  To  determine  the  current  in  each  of  two  branches  of  a  cir- 
cuit when  the  total  current  and  the  resistance  of  each  branch  are 
given. —  The  solution  of  this  problem  depends  upon  two  princi- 
ples as  follows : 

{a)  The  current  in  the  undivided  part  of  a  circuit  is  equal  to 
the  sum  of  the  currents  in  the  respective  branches  into  which  the 
circuit  divides.     (Kirchhoff's  law.) 

{b)  Let  A  and  B  be  the  two  points  at  which  two  or  more 
branches  of  a  circuit  unite.  The  product  of  the  resistance  R  of 
any  one  of  the  branches  into  the  current  /  flowing  in  that  branch 
is  equal  to  the  electromotive  force  between  the  branch  points  A 
and  B,  Therefore  the  product  Rl  has  the  same  value  for  every 
branch  terminating  in  the  points  A  and  B, 

In  the  case  of  two  branches  we  have  from  {a) 


and  from  {b)  we  have 


Rj,  =  R,r, 
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in  which  /  is  the  total  current  and  the  subscripts  refer  to  the 
respective  branches.  Solving  these  two  equations  for  /^  and  7^, 
we  have : 

To  determine  the  combined  resistance  of  a  number  of  cotertptinous 
branches  of  a  circuit.  Let  /  be  the  total  current  flowing  in  the 
circuit,  E  the  electromotive  force  between  the  branch  points,  and 
^j,  ^j,  i?j,  . . .  the  resistances  of  the  respective  branches.  Then 
EjR^,  EjR^^  E/Ry  etc.,  are  the  currents  in  the  respective 
branches,  and  from  Kirchhoff's  law  we  have 

,     E  ^E  ^E 

Now,  the  combined  resistance  R  of  all  the  branches  is  defined  as 

that  resistance  through  which  the  electromotive  force  E  between 

the  branch  points  may  maintain  the  total  current  /;  so  that  RF=E 

or   /=  EjR.     Substituting  this  value  of  /  in  the  above  equation 

we  have 

E      E       E      E 


whence 


R~ 

^\ 

+ 

R, 

+ 

A 

+  ••• 

R  = 

I 

+ 

I 

I 

+ 

I 

^3 

+  ••• 

(18) 


20.  General  solution  of  a  network.  —  Consider  a  network  of 
wires  consisting  of  the  branches  2,  j,  ^,  5,  and  6  connected 
through  a  wire  i  i  to  a  battery  of  which  the  electromotive  force 
is  E,  as  shown  in  Fig.  13.  Let  the  long  arrows,  arbitrarily 
chosen,  represent  the  directions  in  which  the  currents  in  the  vari- 
ous uires  are  to  be  considered  as  positive  in  sign  ;  should  a  cur- 
rent in  one  of  the  branches,  as  found  by  calculation,  be  negative 
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\  J 

Fig 

13. 

in  sign,  its  actual  direction  will  be  opposite  to  the  direction  indi- 
cated by  the  arrow.     Let  it  be  required  to  find  the  currents    /,,  i^ 

h*  U*  h^  ^^^  h  ^^  ^^^  respective  branches 
/,  ^,  J,  4,  J  and  6,  having  given  the  re- 
sistances rj,  r^,  ry  r^,  r^  and  r^  of  the 
respective  branches,  and  the  electro- 
motive forces  £  and  c.  The  direc- 
tions of  these  given  electromotive 
forces  are  indicated  by  the  short  ar- 
rows. This  problem  is  to  be  solved 
with  the  help  of  two  distinct  principles 
as  follows  : 

(a)  The  algebraic  sum  of  all  the  currents  flowing  towards  a 
branch  point  is  equal  to  zero.     (Kirchhoff.) 

{6)  The  algebraic  sum  of  all  the  electromotive  forces  acting 
around  a  closed  circuit,  or  a  mesh  of  a  network  of  conductors,  is 
equal  to  the  sum  of  the  products  ri  around  the  mesh.  (Kirch- 
hoff.) 

Applying  the  first  principle  to  the  branch  points,  a,  b,  r,  and 
d.  Fig.  13,  in  succession,  with  due  consideration  of  algebraic 
signs,  we  have  the  following  four  equations  : 

•    .    •    •    •  f**  \ 

-^+«4  +  ^S=0  (") 

h  -  ^'5  -^6  =  0  (»v) 

Consider  any  mesh,  for  example  the  one  formed  by  tlie 
branches  i,  2  and  4,  Fig.  13.  The  sum  of  the  products  ri  taken 
in  a  clock-wise  direction  around  this  mesh  is  equal  to  the  sum  of 
all  the  electromotive  forces  acting  in  a  clock-wise  direction  around 
the  mesh,  a  counter-clock-wise  electromotive  force  being  reckoned 
as  negative.  Applying  the  second  principle  in  this  way  to  the 
mesh  formed  by  branches  i ,  2  and  4,  we  have : 


m^'  '.»-.^ 
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I  ro  voltB 

^^50  obatM 


Applying  the  second  principle  in  a  similar  manner  to  the  mesh 
2-3-6  gives : 

Applying  the  second  principle  in  a  similar  manner  to  the  mesh 
4-6-5  gives : 

Applying  the  second  principle  in  a  similar  manner  to  the  mesh 

1-3-5  gives : 

Vi  +  ^A  +  ^^5  =  £  -  ^  (viii) 

For  convenience  let  us  call  the  equations  (i),  (ii),  (iii)  and  (iv), 
which  refer  to  branch  points,  point  equations ;  and  the  equations 
(v),  (vi),  (vii)  and  (viii)  which  re- 
fer to  meshes,  mesh  equations. 
In  problems  of  this  kind  there  is 
always  one  superfluous  point 
equation  and  one  superfluous 
mesh  equation,  and  any  one  of 
the  point  equations  together  with 
any  one  of  the  mesh  equations  are  to  be  dropped,  thus  leaving 
as  many  independent  equations  as  there  are  unknown  quantities 
/p  'm  iy  i\f  ty  and  i\. 

Example. —  A  i  lo-volt  battery  is  connected  to  two  branch 
points  a  and  b.  Fig.  14,  between  which  are  two  branches  (2  and 
3).  Branch  2  has  10  ohms  resistance  and  contains  a  2  5 -volt 
batter}-  as  shown  in  Fig.  14.  Branch  3  has  a  resistance  of  6 
ohms.     It  is  required  to  find  the  currents   /*    /,  and  /,. 

Considering  the  point  a  we  have  the  equation : 


►  "^6  ohms 
Fig.  14. 


^  -  '2  -  ^  =  o 


Considering  the  mesh  1—2  we  have  the  equation  : 

so/,  +  10/2=  110—25 
Considering  the  mesh  1—3  we  have  the  equation  : 

50/,  +  6/3=  no 


(i) 


(«) 


(iii) 


..      l-. 
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Substituting  the  value  of  t^  from  (ii)  and  the  value  of  i^  from 
Cm)  in  (i)  we  have : 

t\  =  +  1.8/  amperes 

whence  from  equations  (ii)  and  (iii)  we  have : 

/j  =  —  0.86  amperes 

/j  =  +  2.73  amperes 

21.  Faraday's  discovery.  Induced  electromotive  force  and  in- 
duced current,  —  In  1 83 1  Faraday  discovered  that  a  momentar>' 
electric  current  is  produced  in  a  coil  of  wire  when  a  magnet  is 
pushed  into  or  withdrawn  from  the  opening  of  the  coil,  or  when 
an  iron  rod  around  which  the  coil  is  wound  is  magnetized  or 
demagnetized.  The  motion  of  the  magnet  in  the  first  case,  or  the 
changing  magnetism  of  the  iron  rod  in  the  second  case,  produces 
a  mr;mentary  electromotive  force  in  the  coil,  and  this  electromo- 
tive force  produces  a  momentary  electric  current  in  the  coil  if  the 
ua\  forms  a  portion  of  a  closed  circuit.  Electromotive  force  and 
i:l<:/.tri(:  current  produced  in  this  way  are  called  induced  electro- 
rnotivr  force  and  induced  current. 

22.  Lenz's  Law.  —  An  induced  current  always  opposes  the  ac- 
tion whirh  |)ro(luces  it,  and  the  work  done  in  overcoming  this 
o|i|///Mtiou  is  ihc  work  which  is  expended  in  producing  the  in- 
du/'d  M4rrcnt. 

l'.\tnufiUs,  — (a)  When  a  magnet  is  pushed  into  a  coil  the  iri- 
du' '  /I  '  urnrnt  is  in  such  a  direction  as  to  tend  to  push  the  mag- 
Ui\  />ii!  iS  \\\v  coil ;  more  work  must,  therefore,  be  done  in  push- 
ihi'  !l»r  iiMLMUrt  into  the  coil  than  would  be  done  if  the  circuit  of 
II,'  '  oil  'Arn-  open  so  that  no  induced  current  could  be  produced; 
\S,k'  t  >!r.i  work  is  the  work  which  is  expended  in  producing  the 

///y  7/Im  n  ;ut  iron  rod  wound  with  wire  is  magnetized,  the  cur- 
t*  tj  hfiinn^l  ill  the  winding  of  wire  opposes  the  magnetization, 
»4h'i  ihoii:  work  must  be  done  to  magnetize  the  rod  than  would 
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rent  did  not  exist.     This  additional 
■xpendcd  in  producing  the  induced 


f "^ 

I --L- 

^ ^= 7- 


1>c  done  if  tlie  induced  < 
■work  is  tlie  work  which  i 
current 

A  more  general  aspect  of  Lcnz's  law  is  given  in  Art.  26  where 
tile  relation  between  the  electric  generator  and  the  electric  motor 
Is  discussed. 

S3.  Electromotive  force  induced  in  a  straifbt  wire  moving  side- 
wise  across  a  uniform  magnetic  field.  —  With  tlic  help  of  Lcnzs 
law  the  fundamciitiil  law  of  induced  electromotive  force  may  be 
derived.  For  this  puqjose 
it  is  sufBcicnt  to  consider 
the  simplest  case,  namely, 
the  motion  of  a  straight 
Vnn  ndcM'i»c  across  a  urn- 
magnetic  field. 

A    straight     wire     A/i, 
>g-   '5<  slides  sidcime  at 
a  vclodtj-  of  r  centimeters  ''"-  '^' 

per  second  along  two  straight  wires  or  rails  CA  and  D/i  distant 
/  ccodmetcrs  from  cadi  otlicr.  The  rails  are  connected  at  CD 
Ba  thai  A/iCD  is  a  closed  circuit.  The  whole  arrangement  is 
placed  in  a  uniform  magnetic  field  of  intensity  A',  the  direction 
of  the  field  being  perpendicular  to  the  plane  AJiCD  and  towards 
tilc  reader. 

The  mntkin  of  the  wire  AB  induces  in  it  an  electromotive 
brce;  this  electromntivc  force  produces  a  current  in  the  circuit 
ABCD,  and  because  of  this  curreiitthe  wire  AB  is  pushed  side- 
line by  the  magnetic  field  with  the  force  F,  of  which  the  \'alue 
jn  dyna  U  given  by  the  equation 

F=  im  (6) 

In  which  /if  the  strength  of  the  induced  current  in  abamperes. 

Now  Fv  {s  the  rate  in  ergs  per  second  at  which  work  is  done  in 

moving  the  wire   AH    against  the  opposing  force  /■',  and,  from   \ 

l^ta'f  law,  this  must  be  equal  to  the  rate  EI  at  which  work  is  J 


^ 
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done  by  the  induced  electromotive  force  in  maintaining  the  in- 
duced current  /.     That  is  : 

Fv  =  £/  (ii) 

in  which  £  is  the  value  of  the  induced  electromotive  force  in 
abvolts. 

Substituting  the  value  of  F  from  equation  (6)  in  equation  (ii) 
and  solving  for  £,  we  have  : 

£  = /cHv  (19^) 

That  is,  the  electromotive  force  £,  in  c.g.s.  units,  induced  in  a 
straight  wire  /  centimeters  long  moving  sidewise  at  a  velocity  of 
V  centimeters  per  second  across  a  uniform  magnetic  field  of  in- 
tensity cV,  is  equal  to  the  product  IcKv.  This  result  is  expressed 
in  abvolts  and  it  is  to  be  divided  by  10*  to  reduce  to  volts,  that  is 

£=  — ^  volts  (10^) 

24.  Expression  of  induced  electromotiye  force  in  terms  of  num- 
ber of  lines  of  force  cut  per  second.  During  /  seconds  the  sliding- 
wire  AB,  Fig.  15,  moves  over  a  distance  vt  and  sweeps  over  /vt 
square  centimeters  of  area.  Multiplying  this  area  by  cH*  gives  the 
magnetic  flux  <!>(  =  /vtcH')  which  passes  through  the  area,  and  this 
flux  4>  is  the  number  of  lines  of  force  cut  by  AB  during  the  / 
seconds,  so  that  ^lt{  =  lcKv  =  £)  is  the  number  of  lines  of  force 
cut  per  second  by  AB,  That  is,  the  electromotive  force  in  cg.s, 
units  induced  in  a  wire  is  equal  to  the  number  of  lines  of  force  cut 
by  the  wire  per  secofid.  This  proposition  is  here  derived  for  a 
straight  wire  moving  sidewise  across  a  uniform  magnetic  field, 
but  it  is  true  for  any  wire  straight  or  curved  moving  in  any  man- 
ner in  any  magnetic  field  uniform  or  non-uniform. 

25.  Expression  of  induced  electromotiye  force  in  terms  of  the 
rate  of  change  of  the  magnetic  flux  enclosed  by  or  passing  through 
a  circuit.  As  the  wire  AB,  Fig.  15,  moves  to  the  right  the  en- 
closed area   ABCD  increases,  the  magnetic  flux  through   ABCD 
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tncrauL's,  ;ind  tlie  increase  of  ttiJs  magnetic  flux  during  a  given 
time  i$L-c]u.-it  lo  the  number  of  lines  of  flux  swept  over  by  AB 
dunng  t!i;it  time;  or  in  other  words,  the  rate  of  increase  of  the 
xtui|^cti<;  flux  through   AliCD  is  equal  to  the  number  of  lines  J 

f  force  cut  by  AB  per  second.  Thcreior^  the  induced  tlectro- 
inifltix  fafcf  in  a  circuit  ii  equal  lo  the  rate  at  which  the  snagHetic 
^Mx  through  Ike  circuit  «  clumging,  electromotive  force  being  ex- 
pre&9cd  in  abvolts.  ThLs  result  is  here  derived  for  the  verj-  spe- 
cial case  represented  in  Fig.  15,  but  it  is  true  for  any  shape  of 
drcuit  in  any  magnetic  field  uniform  or  non-uniform,  and  it  is  true 
Mrliether  the  change  of  flux  through  the  circuit  be  due  to  motion  ! 
Or  to  changing  magnetism  or  to  both. 

I>;t  the  magnetic  iluK  through  a  circuit  be  represented  by  <&, 
then  iu  rate  of  change  is  represented  by    d^jdt,    and  we  have 


(20tf)( 


1  which  E  is  the  induced  electromotive  force  in  a  circuit  cxprcssed 
1  abvoltx. 

If  the  drcuil  has  Z  turns  of  wire  then  the  electromotive  force 
iduced  in  each  turn  is  r/4>  dt.  and  the  total  induced  clcctromo- 
ive  (brcc  expressed  tn  abvolts  is  : 


dt 


Equatiia*  ( 9Qtf )  and  {vA\  a 


(=o») 


!■  wflh  UiG  oegilive  lign. 


^  =  — °    »nd  Jr  = 


llMi  incmiinic  tfui  iimdiiifB  an  inducrd  elfcrroinollve  fnrce  which  i«  in 
■  lift  i^Hiird  icrrw  wiuM  hiivr  to  be  tiirnfil  lo  cause  ihF  Kic* 
(I  of  ihe  mimnFlit  ficlil  upmi  which  the  flui  drppnds. 

In  any  si>'cn  case  an  induced  electromotive  force  may  be 
ttiought  of  as  being  produced  by  either  {a)  the  cutting  of  lines  of 
fonre  at  a  Jcftnite  rate  by  a  wire,  or  {&)  the  change  at  a  definite  rate 
r  the  magnetic  6ux  enclosed  by  3  loc^  or  coil  of  wire.     TheAe 
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two  actions  are  fundamentally  identical,  and  the  one  or  the  other 
may  be  assumed  as  the  basis  of  the  discussion  of  any  given  case 
according  to  convenience.  Thus  in  discussing  the  action  of  the 
alternator  in  article  2j  the  notion  of  the  rate  of  change  of  flux  is 
employed,  whereas  the  notion  of  the  cutting  of  lines  of  force  is  em- 
ployed in  the  discussion  of  the  direct  current  dynamo  in  article  28^ 


*   Name  of  Quantity. 


Current 

Resistance. 
Resistivity 


Conductance , 

Conductivity 

Electromotive  force 

Inductance 

Capacity 

Inductivity , 

Dielectric  strength. 


Table  of  Units.* 

Electric. 


Symbol 
/,  » 


L 
C 
k 


Namb  of 
Practical  Unit. 

ampere. 

ohm. 
ohms  of  a 
centimeter 

cube. 

( mho. ) 


volt, 
henry, 
farad. 


volts  per 
centimeter. 


Name  of 
c.g.s.  Unit. 

(abampere. ) 

(abohm. ) 

abohmsof  a 

centimeter 

cube. 


(abvolt.) 
centimeter. 


abvolts  per 
centimeter. 


Practical  Unit 
c.g.s.  Unit. 


IO« 


io-« 
io-» 
io« 

10-9 


Magnetic. 


Pole  strength 

Field  intensity 

Flux 

Flux  density 

Intensity  of  Magnetization .. 

M  agnetomot  i  ve  force 

Reluctance 

Reluctivity 

Permeance 

Permeability 


cV 


ampere  turn. 


gauss, 
maxwell, 
gauss. 


(gilbert.) 
(oersted.) 


^TTJIO 


*  Appendix  A,  on  the  magnetism  of  iron,  is  essentially  a  continuation  of  this 
introductory  chapter  on  elementary  theory,  and  the  units  of  magnetomotive  force, 
reluctance,  permeability,  etc.,  are  tabulated  here  for  convenience.  Names  in  paren- 
theses have  not  yet  been  adopted  by  the  International  Electrical  Congress. 


M.  The  dynamo.  —  The  dynamo  electric  machine,  or.  simply, 
the  d>'iiamo,  is  a  machine  for  the  production  and  maintenance  of 
am  electric  current  when  the  machine  is  supplied  with  mechanical 
power,  or  conversely  for  the  development  of  mechanical  power 
when  the  machine  b  supplied  with  an  electric  current.  When 
nscd  for  the  former  purpose  the  dynamo  is  called  an  tUettic 
'tntrator  or  simply  a  generator ;  when  used  for  the  latter  purpose 
the  dynamo  is  called  an  eUctru  motor  or  simply  a  moft'r. 

Tht  acthn  ef  tht  dynamo  as  a  generator  is  essentially  as  fol- 
lows:  A  wire  /  centimeters  in  length,  see  Fig.  15,  b  forced  by 
external  source  of  mechanical  power  to  move  sidcwise  at  a 
velocity  of  r  centimeters  per  second  across  a  magnetic  field  of 
intcnaty  9C.  This  motion  induces  an  electromotive  force  £  in  the 
virc  in  accordance  with  equation  (19''),  namely, 

£  =  /m-  abvolts 

Thi»  dectromodvc  force  produces  a  current  of  /  abamperes  in 
the  wire,  if  the  wire  is  a  portion  of  a  closed  circuit,  and  because 
of  this  current  the  vfirc  is  pushed  sidcwise  by  tlie  magnetic  field 
with  tiie  force : 

j^=  y/.V  dynes 

vhich  ofpotfs  the  motion  of  tlic  wire.  Work  is  done  by  tlie 
c.\tern»l  iDCclianical  a^ent  at  the  rate  o{  Ft'  ei^s  per  second  in 
moving  tbc  wire  agiiinst  the  opiwsing  force  /■",  and  the  work  so 
spent  Boes  tn  maintain  Ihe  current  in  the  wire. 

TTk  oftian  ^  tht  dynamo  as  a  motor  is  csscntiall)'  as  follows  : 
A  currenC  of  /  abamperes  is  forced  by  an  external  source  of 
electric  current  through  a  wire  /  centimeters  in  length  which  i 
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stretched  across  a  field  of  intensity  cV.  This  current  causes  the 
field  to  push  the  wire  sidewise  with  the  force 

F  == //3{  dynes 

This  force  moves  the  wire  sidewise  at  a  velodty  of  7'  centimeters 
per  second  and  develops  mechanical  power.  The  motion  of  the 
wire  induces  in  it  the  electromotive  force 

£  =  /cVz'  abvolts 

which  opposes  the  flow  of  current  in  the  wire.  Work  is  done  by 
the  external  source  of  electric  current  at  the  rate  of  EI  ergs  per 
second  in  forcing  the  current  against  the  electromotive  force  £. 
and  the  work  so  spent  goes  to  maintain  the  motion  of  the  wire. 
There  are  two  distinct  t>'pes  of  dynamo  electric  machines, 
namely  {ci)  alternating  current  machines,  and  {If)  direct  current 
machines.  The  alternating  current  generator  delivers  what  is 
called  an  alternating  current,  that  is,  a  current  which  is  subject 
to  rapid  periodic  rexcrsals  of  direction.  The  direct  current  gen- 
erator, on  the  other  hand,  delivers  a  current  which  is  not  reversed 
in  direction  and  which  is  more  or  less  steady  in  value.  All  direct 
current  machines,  except  the  so-called  homopolar  djmamos,  are 
essenti;iJly  alternating  current  machines  with  the  addition  of  a 
commutator  instead  of  collecting  rings. 

• 
27.  The  alternating  current  dynamo  is  the  simplest  form  of 

(I>namo  electric  machine.  It  consists  essentially  of  an  arrange- 
ment in  which  a  Im^p  of  wire  is  moved  in  front  of  the  projecting 
norlli  and  south  pt>les  of  a  magnet  in  such  a  way  that  the  mag- 
Mclic  llux  ilue  to  the  magnet  poles  passes  through  the  loop  first 
in  one  diroclit>n  and  then  in  the  other  direction  repeatedly.  This 
rrpciti'd  nvcrsal  of  the  magnetic  flux  through  the  loop  of  wire 
indiut's  an  electromotive  force  in  the  wire  in  one  direction  while 
ilif  flux  is  increasing  (from  negative  to  positive),  and  in  the  other 
fliitrtinn  while  the  flux  is  decreasing  (from  positive  to  negative). 
This  tt/tij-HtUifii^  i/i'ciromotivc  force  produces  an  eUtemaHng  cur- 


rrnl  in  the  loop  of  wire  and  in  any  outside  circuit  which  is  con- 
nected t"  the  terminals  of  the  loop.  An  alternating  current 
itynamo  is  usually  called,  simply,  an  alternator. 

A  common  tj-pe  of  alternator  consists  of  a  stationary  multipolar 
ilcctromagnet,  called  the  fiM  mngml,  or  which  the  poles  -V"  Ji, 
A".  S,    etc.,  project  radiidly  inwards  as  shown  in  Fig.  i6  towards 
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he  paasir^  teeth  a.  a  of  a  rotating  structure  v4  called  the  urwrt- 
urf.  On  the  armatti  re  shad  at  one  end  of  the  armature  are  fixed 
wo  metal  toiks  "■  called  eollectiHg  rings.  These  rings  are 
n^utated  <rom  each  other  and  from  the  sliaft.  Tlie  ends  of  the 
Srmatun:  wrc  are  cmnectcd  to  these  rings  as  shown,  and  tlie 
»  wound  around  the  armature  teeth  in  the  form  of  coib, 
which  Are  shown  in  section  by  the  dotted  squares  c,  c  in  Fig.  |6, 
111  thi<  type  of  alternator  il  i.s  convenient  to  attribute  the  induced 
:  forces  to  the  changing  of  the  magnetic  flux  through 
e  armature  teeth  and  coils  as  they  pass  the  field  poles.  As  t 
armature  rotates  the  magnetic  flux  passes  through  a  givoj  am 
e  C4A  .^  one  dhcction  when  tlic  tooth  on  which  the  coil  is 
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wound  is  squarely  under  a  north  pole,  and  in  the  reverse  direc- 
tion when  the  tooth  is  squarely  under  a  south  pole.  The  induced 
electromotive  force  is  always  opposite  in  direction  around  adjacent 
coils,  and  the  armature  coils  are  all  connected  in  series  in  such  a 
manner  *  that  their  electromotive  forces  are  added,  thus  giving 
an  alternating  electromotive  force  of  large  value  between  the  col- 
lecting rings.  The  external  circuit  which  is  to  receive  alternating 
current  from  the  machine  is  connected  to  metal  brushes  bb  which 
rub  on  the  collecting  rings. 

The  armature  body,  or  core,  A,  is  built  up  of  sheet-iron  stamp- 
ings to  prevent  the  formation  of  eddy  currents  as  explained  in 
Art.  32. 

The  field  magnet  of  the  alternator  is  magnetized  or  excited  by 
a  continuous  or  steady  current,  or,  as  it  is  technically  called,  a 

direet  current.  This  current 
flows  through  coils  of  wire 
(not  shown  in  Fig.  16)  which 
are  wound  on  the  polar  pro- 
jections N^  S,  Ny  S,  etc. 
The  direct  current  for  excit- 
ing the  field  magnet  of  an  alter- 
nator is  usually  obtained  from 
a  small  auxiliary  direct-current 
dynamo  called  tlie  exciter. 
Alternators  used  in  practice 
give  from  50  to  250  or  more 
reversals  of  current  per  second. 

28.  The  direct  current  dyna- 
mo.— The  following  description 
.,j,j,:ii  ;  to  tlir  din.ct -current  dynamo  having  an  armature  of  the 
,,,.;•  I-.  ji«  I  1m-  rciaticm  nf  the  ring  to  the  drum  armature  and  a 
(  .1)  *\\  '  u  .  i'lii  « if  armature  windia^s  are  taken  up  in  Appendix  C 

'  J ,1.  ,111'  (uiiiirrtrd  s<>  that  in  Allowing  along  the  armature  wire  from  one 

I  ■   ,.  •  M.^'  iM.^;  I'l  iIm-  iiilicrr,  om:  would  puss  around  adjacent  armature  teeth  in  opposite 

'•II  <  • '  i'«ii  - 
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An   iron  ring  ai.  Fig.  17,  which  is  built  up  of  .sheet -ii 
tampings,  is  wound  uniformly  with  insulated  wire  as  indicated 
1  the  figure,  the  ends  of  the  wire  beiny  spliced  together  andsol- 
so   tliat   the  winding   is   endless.  ^ 

iron  ring  with  its  winding  of  wire 
h  called  the  armalure ;  It  rotates,  as 
intUuicd  by  the  curved  arrow,  betiicen 
tiie  poles  S  S  of  a  strong  field  magnet. 
The  wires  on  the  outside  of  the  iron 
ing  have  electromotive  forces  induced 
in  them  as  they  move  across  the  pole 
i  of  the  field  niagnet  and  cut  the 
lines     oj"    force.       These     electromotive 

ibrccs  cannot,  however,  produce  current  in  the  endless  wire  that 
is  wound  on  the  armature,  inasmuch  as  exacdy  equal  and  oppo- 
site electromotive  forces  are  induced  on  the  opposite  sides,  c  and 
</.  oT  the  ring,  as  shown  diagrammatical ly  in  Fig.  18,  in  which 
^le  the  circle   adbt   represents  the  endless  wire  winding  o\\  the 


A  steady,  or  verj"  nearly  steady,  current  can  be  taken  from  the 
wiiKGng  cm  die  ring  through  an  outside  receiving  circuit  /,  Fig. 
19,  by  keeping  the  terminals  of  this  circuit  in  metallic  contact 
i*ilh  the  windings  on  the  ring  at  a  and  b  as  shown  in  Fig.  19. 
Fur  this  purpose  the  insulation  may  be  re- 
moved from  tile  outer  portions  of  the  wire 
windings  on  tlic  ring,  and  the  two  stationary 
metal  or  carbon  brushes  5S,  Fig.  19,  ar- 
ranged to  rub  rtt  a  and  b  as  the  ring  rotates. 
In  practice,  wire  leads  arc  soldered  to  the 
various  turns  of  wire  on  the  ring  and  con- 
nected to  insulated  copper  bars  near  the  axis  ', 
vfmation.  x*' shown  in  Fig.  20.  Sliding  omtact  is  then  niiidc  J 
ivilh  thae  copper  bars  in<tlead  of  with  the  turns  of  wire  at  a  and  | 
ififvctly.     This  set  of  copper  bars  constitutes  what  is  called  t 
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of  a  Iwo-part   commutator.     The    current    which    15   produced 
in  the  armature  winding  of   Fig.  21   is  an  alternating  current, 
and  the  two-part  commutator  serves  to  reverse  tlie  connections 
i  lite  armature  to  tlie  external  receiWng  circuit  twice  during  each  J 
revolution  of  the  armature,  so  that  tlie  current,  which  is  an  alter-f 
ig  current  in  the  armature  winding,  becomes  a  uni-dircctional  1 
current  in  the  external  circuit.     The  Brush  arc  lighting  dynamo 
and    the  Thomson- Houston  arc  dynamo  are  examples  of  ma- 
chines having  open  coil  armatures. 

The  currmt  in  any  given  turn  of  wire  on  a  closed  coil  arma- 
ture is  also  an  alternating  current,  ina.4miich  as  it  (lows  in  one 
<Iirection  through  the  turn  when  the  turn  is  on  the  side  </  of  the 
armature  (sec  I*'ig.  17),  and  in  the  opposite  direction  through  the 
■turn  when  the  turn  is  on  the  side  r  of  the  armature. 

The  above  discussion  applies  to  the  simplest  form  of  direct-cur- 
rent d>*namo  ;  namely,  a  two-pole  dynamo  with  a  simple  nng 
winding.  Commercial  forms  of  direct-current  djnamos  however, 
may  be  bipolar  or  multipolar,  tliey  may  ha\e  nng  or  drum 
armatures,  and  they  may  have 
»ny  one  of  a  variety*  of  arma* 
turv  winifings,  including  open 
coil  trtndtncs  according  to  the 
sixe  of  the  macliinc  and  the 
conditions  of  «er\*ice. 

29.  Tbe  multipolar  direct- 
cnmnt  dynamo.  —  I'ig  2; 
shon-s  a  ring  armature  Kilnl- 
{ng  inndc  •'f  *  crown  of  si.\ 
kiwardly  projecting  field  mag-  ^^  j^ 

net  pnles,    .VS.VSXS.      The 

rKiitRiuirlivc  forces  induced  in  the  wu)dings  as  thcj  swctp  across 
i.mnot  pfxxlucc  current  in  the  endless  wire  that  is  J 
I  ing,  iniuniucb  as  the  dectromotive  forces  induced  I 
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Fig.  23. 


under  the  north  poles  are  just  balanced  by  the  electromotive  forces 
induced  under  the  south  poles,  as  is  shown  diagrammatically 
in  Fig.  23.  To  utilize  the  induced  electromotive  forces  e  e  e  e  e  e. 
Fig-  23,  for  the  production  of  direct  current,  six  brushes  a  a  a 
and  b  b  b,  Fig.   22,  should  be  used.     Three  of  these  brushes 

maintain  contact  with  the  windings 
at  a  a  a,  and  through  all  three  of 
these  brushes  current  flows  out  of 
the  armature  to  one  terminal  of  a 
receiving  circuit.  The  other  three 
brushes  bbb  maintain  contact  with 
the  windings  at  bbb,  Fig.  23  ;  all 
three  of  these  brushes  are  connected 
to  the  other  terminal  of  the  receiv- 
ing circuit,  and  current  flows  into 
the  armature  through  all  three. 
The  three  brushes  a aa  together 
constitute,  therefore,  the  positive  terminal  of  the  armature,  and 
the  brushes  bbb  constitute  the  negative  terminal  of  the  arma- 
ture. 

Armature  current  and  armature  resistance,  —  The  total  current 
flowing  out  of  the  armature  of  the  six-pole  dynamo  shown  in  Fig. 
22  flows  out  of  the  three  brushes  a  a  a,  so  that  one  third  of  the 
total  current  flows  out  of  each  of  the  positive  brushes.  An 
inspection  of  Fig.  23  shows,  furthermore,  that  current  flows  in 
the  armature  winding  to  each  positive  brush  from  both  sides ; 
that  is  through  two  paths.  Therefore,  in  the  six-pole  dynamo 
with  a  simple  ring  armature,  there  are  six  paths  (in  parallel)  in  the 
armature  winding  from  negative  to  positive  brushes,  and  therefore 
one  sixth  of  the  current  output  of  the  machine  flows  through  each 
path. 

The  resistance  of  this  six-pole  armature  between  positive  and 
negative  brushes  is  equal  to  one  si.xth  of  the  resistance  of  any  one 
path,  since  the  six  paths  are  similar  and  in  parallel.  Therefore 
the  resistance  of  the  armature  between  positive  and  negative 
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bru-ihe^  is  one  thirty -sixth  of  the  resistance  of  the  whole  winding 
conndcml  as  one  long  coil. 

Another  type  of  muhipolar  arruaturc  winding,  namely  ti>e  wave 
winding,  »  described  in  Ap[>endix  C.  The  wave  winding  has  but 
tav  paths  bttwecn  positive  and  negative  brushes  irrespective  of 
the  number  of  poles  and  brushes. 

When  an  armature  provides  /'  similar  paths  in  parallel  between 
positive  and  negative  brushes,  then  evidently  i  //>'-th  of  the  arma- 
ture windings  are  in  series  in  eacli  path. 

SO.  The  hmdAmental  equation  of  the  direct -current  dynamo.  — 

The  equation  which  expresses  the  relation  between  the  induced 

electromotive  force  of  a  dynamo,  the  amount  of  magnetic  flux 

from  each  field  pole,  the  number  of  field  poles,  the  number  of 

conductors  on  the  outside  of  the  armature,  the  number  of  paths 

fai  the  armature  winding  between  brushes,  and  the  speed  of  the 

amuture,  is  called  the  fundaiiuntal  cquathn  of  the  dynamo  on 

account  of  its  importance  in  the  theory  of  the  design  and  opera- 

jon  of  generators  and  motors. 

Let  ♦^  magnetic  flux  which  enters  the  armature  from  each 

north   pole  of  the  field  magnet  and    leaves  the 

armature  at  each  south  pole  of  the  field  m.ignet, 

p  _  number  of  field  jwiles. 

Z  ^  number  of  conductors  on  the  outside  of  the  armature. 
p'  =  number  of  electrical  paths  in  parallel   between  tlie 

bru.shes. 
£,  =  total  electromotive   force  induced  in   the  armature. 
This  is  the  same  as  the  electromotive  force  between 
the  brushes,  as  measured  by  a  voltmeter,  when  the 
current  in  the  armature  is  negligibly  small. 
n  —  «pee<!  of  armature  in  revolutions  per  second. 
Then 

/.  _  ^•^''  , 
P' 


ab  volts 


K-  i 


■^  volts 


(21«) 
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Proof,  —  During  i,//>//-th  of  a  second  a  given  armature  con- 
ductor sweeps  past  a  field  pole,  from  a  to  b,  Fig.  22,  and  cuts  4> 
lines  of  force.  This  conductor  therefore  cuts  lines  of  force  at  an 
average  rate  which  is  equal  to  4>  -j-  ijpn,  or  4>/;/  lines  of  force 
per  second,  and  this  is  the  average  electromotive  force  in  the 
given  conductor  while  it  is  moving  from  a  to  b,  Fig.  22  ;  also 
this  is  the  average  electromotive  force  per  conductor  in  all  the 
conductors  between  a  and  b  at  any  instant.  Now,  there  are  Zip* 
conductors  *  in  series  in  each  path  between  the  brushes,  and 
since  4>///  is  the  average  electromotive  force  per  conductor,  there- 
fore Zjp*  X  ^pn  is  the  electromotive  force  between  the  brushes. 
That  is,  E^=^p^Zn!p\  in  which  E^  is,  of  course,  expressed  in 
abvolts. 

Equations  (21)  apply  to  bipolar  or  multipolar  machines,  and  to 
machines  having  ring  or  drum  armatures  with  any  kind  of  wind- 
ing except  open-coil  windings,  and  these  equations  give  the  elec- 
tromotive force  induced  in  the  windings  between  the  brushes, 
provided  the  brushes  are  at  the  neutral  points  as  shown  in  Fig.  22 
and  as  explained  in  article  51. 

31.  Field  excitation  of  generators.  —  Some  very  small  gener- 
ators, such  as  the  "  magnetos,  "  which  are  used  for  ringing  tele- 
phone call  bells,  arc  provided  with  field  magnets  of  hardened 
steel,  which  are  permanently  magnetized.  Large  generators  and 
motors,  on  the  other  hand,  are  always  provided  with  electrically 
excited  field  magnets  (electromagnets). 

Separate  excitation  and  self -excitation.  —  The  field  magnet  of 
an  alternator  must  be  excited  by  direct  current,  usually  from  an 
outside  source,  as  .stated  in  Art.  27. f     The  field  magnets  of  cer- 

*The  conductors  which  constitute  a  jjivcn  path  are  always  distributed  evenly  over 
the  space  ab^  Fig.  22,  so  that  the  average  electromotive  force  per  conductor  for  all 
the  conductors  of  a  path  is  the  same  as  the  general  average  for  the  whole  armature. 
In  the  simple  ring- wound  armature,  /-/^  and  the  conductors  which  at  any  instant 
lie  between  the  points  a  and  b^  Fig.  22,  constitute  one  path. 

t  In  the  so-called  composite  6eld  alternators  this  separate  excitation  is  supple- 
mented by  a  direct  current  sapplied  by  the  alternator  itself  through  a  rectifying  com- 
mutator. 


^«^ 
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tain  types  of  direct-current  generators  are  usually  excited  by  cur- 
rent from  an  outside  source  ;  thus  the  low  voltage  generators 
used  for  electroplating  are  excited  in  this  way.  This  method  of 
field  excitation  is  called  separate  excitation.  Direct-current  gen- 
erators, however,  usually  supply  their  own  field  current.  This 
method  of  field  excitation  is  called  self-excitation. 

The  shunt  generator.  —  The  winding  on  the  field  magnet  of  a 
direct-current  generator  may  consist  of  many  turns  of  compara- 
tively fine  wire  having  considerable  resistance.  In  this  case  the 
terminals  of  the  field  winding  are  connected  directly  to  the 
brushes  of  the  machine,  and  from  2  to  lo  per  cent,  of  the  per- 
missible current  output  of  the  generator  is  taken  to  magnetize  or 
excite  the  field,  the  remainder  being  available  for  u.se  in  the 
external  circuit.  In  this  case  tlie  field  winding  and  the  outside 
receiving  circuit  are  in  parallel  with  each  other  between  the 
brushes,  so  that  the  field  winding  is  in  the  relation  of  a  shunt  to 
the  outside  receiving  circuit.  A  generator  with  its  field  windings 
arranged  in  this  way  is  called  a  shunt  generator. 


In  the  shunt  generator  an  adjustable  resistance  (rheostat)  is  usu- 
ally connected  in  the  field  circuit  for  controlling  the  value  of  the 
field  current  and  thereby  controlling  the  voltage  of  the  machine. 
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I"ig.  24  shows  the  arrangement  of  a  shunt  generator  with 
its  field  rheostat,  A  A  is  the  armature,  bbbb  are  the  brushes, 
and  C  is  the  commutator.  The  brush  leads  are  connected  to  ter- 
minal blocks  to  which  the  receiving  circuit  and  the  shunt  field 
».(.  winding  are  also  connected.  Fig. 
25  shows  the  conventional  dia- 
\  Q  v-'ii  gram  of  connections   of  a  shunt 

generator. 

The  series  generator. — The  wind- 
ing on  the  field  magnet  of  a  direct- 
current  generator  may  consist  of 
comparatively  few  turns  of  heavy 
wire  ha\'ing  a  low  resistance.  In 
tills  case  the  field  winding  is  connected  in  series  with  the  external 
receiving  circuit,  the  whole  current  delivered  by  the  machine 
flows  through  the  field  winding,  and  from  2  to  10  per  cent  of 
the  electromotive  force  of  the  machine  is  used  to  force  the  current 
through  the  field  winding,  the  remainder  being  available  for  forcing 


nt.  as. 


FIC  26. 

current  through  the  external  receiving  circuit  A  generator  with 
its  field  windings  arranged  in  this  way  is  called  a  series  generator. 
In  this  type  of  generator  the  control  of  the  current  in  the  field  wind- 
ing for  a  given  current  output  of  the  machine  is  accomplished  by 
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c  iJJte  of  an  adjustable  low  resistance  shunt  B,  connected  between 

E  terminals  of  the  field  winding  as  shown  in  Figs.  27  and  68. 

Fig,  26  shows  tiic  arrangement  of  a  series  generator  without 

regulating   field  shunt,  and  Fig.  37  shows  the  conventional  dJa- 


VWVWW  I 


Fl(.  27. 

gram  of  connections  of  a  scries  generator,  including  the  regnlat- 
jng  field  shunt  above  mentioned. 

Tkt  compound  gtHerator. — The  winding  on  the  field  magnet  of 
a  dirtcl-curTcnt  generator  is  frequently  in  two  parts,  one  part 
c»nsi»Dng  of  many  turns  of  fine  wire,  the  other  part  con^i'iting  of 
rclatii-ely  few  turns  of  heavy  wire.     In  this  case  tiie  fine  wire 


Fie-  2B. 
I  IS  connected  directly  to  the  brushes,  or  to  ihc  terntinah 
if  the  machine,  and  the  coarse  ivire  winding  is  connected  in  serial 
li  the  outside  rcccK'tng  circuit    This  method  of  field  excitation  J 


so 
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the  armature  core  has  projecting  teeth,  inasmuch  as  the  lines  of 
force  between  the  pole  face  and  the  armature  core  are  concentrated 
in  the  form  of  tufts  or  brushes,  as  shown  at  bbb  in  Fig.  31,  and 
as  the  armature  rotates  these  tufts  sweep  across  the  pole  face  and 

thus  tend  to  produce  eddy 
currents.  Pole  pieces  are 
therefore  sometimes  lami- 
nated. 

The  prevention  of  eddy 
currents  is  the  more  com- 
plete the  thinner  the  lami- 
nations and  Ihe  better  the 
insulation  between  them. 
When  a  mass  of  iron  is  sub- 
ject to  very  rapid  and  fre- 
quent magnetic  reversals  the 
laminations  are  made  very 
thin  and  insulated  by  a  coat- 
ing of  hard  varnish  before 
being  assembled  on  the  arma- 
ture shaft.  For  example,  in  an  experimental  alternator  recently 
constructed  by  the  Westinghouse  Electric  &  Manufacturing  Com- 
pany *  the  armature  core  is  subject  to  20,000  magnetic  reversals 
per  second  and  the  laminations  are  only  0.00 1  inch  in  thickness. 
In  direct-current  dynamos  of  moderate  .size  the  armature  core  is 
subject  to  from  1 5  to  60  or  more  magnetic  reversals  jx^r  second, 
and  the  laminations  are  usually  made  from  0.020  to  0.03  5  inch  in 
thickness.  I^rgc  copper  wires  on  smooth  core  armatures  have 
eddy  currents  induced  in  them  on  account  of  the  difference  of 
intensity  of  the  magnetic  field  in  the  air  gap  at  the  two  edges  of 
the  moving  conductor.  These  eddy  currents  flow  up  along  one 
side  and  down  along  the  other  side  of  the  conductor.  The  result 
IS  that  the  actual  total  current  is  crowded  over  to  one  side  of  the 


Fig.  31. 


*  Trans,  A,  I.  E,  £,,  B.  G.  Lamme,  1904. 
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Fig.  32. 


conductor,  as  it  were,  and  the  effective  resistance  of  the  conductor 
is  increased,  so  that  the  RI^  loss  in  the  conductor  is  increased. 
This  production  of  eddy  currents  in  the  armature  conductors  may 
be  greatly  reduced  by 
using  stranded  conduc- 
tors, or  by  placing  the 
conductors  in  slots  in  the 
armature  core. 

33.  Examples  of  typi- 
cal dynamos.  —  Fig.  32 
shows  in  outline  a  typical 
bipolar  dynamo,  and 
Fig.  33  shows  a  typical 
multipolar  dynamo.  The 
regions  ss  are  called 
the  air  gaps^  ff  the 
pole  fares ^  pp  the  pole  pieces,  and  hh  kk  are  called  the 
pole  tips  or  horns  ;    h  h    are  called  the  leading  pole  tips  and    k  k 

are  called  the  traili?ig  pole  tips 
with  reference  to  the  motion  of 
the  armature  as  indicated  by 
the  curved  arrow.  The  coils 
of  wire  ZZ  are  called  the  Jield 
coils,  and  the  portions  C  C  of 
the  field  magnet  iron  around 
which  the  field  coils  are  wound, 
are  called  the  Jield  magnet 
cores.  The  portion  Y  is 
called  the  yoke  of  the  field 
magnet. 

Figs.  32,34,  35,  36  and  37 
show  typical  forms  of  bipolar 
field  magnet  structures,  and  Figs.  33,  38  and  39  show  typical 
forms  of  multipolar  field  magnet  structures.     The  form  shown  in 


Fic.  33. 
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'ig.  39  is  used  chiefly  in  large  alternators 

lagnet  rotates  inside  of  a  large  stationary-  rii 
Fig.  40  is  a  general 
of  211  early  t>'pc  of 
bipolAf  dynamo  manu- 
bdurcd  by  the  Crockcr- 
W'hf«lcr  Gimpany,  The 
base  plate  of  the  machine 
serves  as  the  field  yoke, 
VI d  the  bearing  pedestals 
and  base  plate  are  cast  in 
one  piece.  EAch  fieUl 
magnet  core  and  pole 
piece  b  lotted  from  a 
jnngle  piece  of  wrought 

iron,"     and      the      two  ng.  *o. 

pole  pieces  arc  conneclcd  at  the  top  by  a  non-magnetic  brass 
plalc  which  scn.'cs  as  a  protective  cover  for  the  armature. 
The  armature  is  of  the  ring  type,  the  windings  of  which  arc 
concentrated  in  a  number  of  coils  which  lie  in  deep  slots  on 
the  outside  surface  of  the  armature  a.s  shown  in  Fig.  41.  The 
amuturc  core  is,  of  cour!^,  built  up  of  sheet  iron  stampings,  and 
in  order  to  facilitate  the  winding  of  the  annature  coils,  the  two 
halves  (right  and  left  as  seen  in  Fig.  41)0*'  tlic  armature  core 
arc  built  up  separately  and  put  together  after  the  coils  are  wound 
upon  them.  The  two  halves  of  the  armature  core  are  Iield 
together  bj-  small  bolt^    KB   which  pass  through  the  interleaved 

iUmpingit  of  the  two  halves  of  the  core.     The  annature  core  is 

wpported  by  small  bolts  hkc  BB  which  pass  through  the 
Bimnture  teeth  and  connect  to  two  end  plates  of  brass  which  are 
•ttachecl  to  the  shaft.  The  brass  plate  at  the  commutator  end  is 
provided  with  apertures  through   which  the  commutator  leads 

an  anial  louilniilion  it  llml  iii  tthich  \ht  tifid  nugnrl  cotrt  arr  n-Riught 
ri  Mnl,  ukI  the  poir  iilcci 
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pass  from  the  armature  coils  to  the  commutator  bars.  The 
brushes  are  carried  by  two  insulated  metal  studs  fixed  to  an  arm 
which  is  supported  upon  the  projecting  end  of  one  of  the  bearings. 
This  arm  may  be  turned  about  the  axis  of  the  armature  at  will, 
and  clamped  so  as  to  hold  the  brushes  in  any  desired  position. 


The  Ijruslics  of  direct- current  dynamos  are  always  carried  upon 
ji  supporting;  arm  or  frame  which  may  be  turned  about  the  axis 
of  llic  jirmaturc  at  will.  This  adjustable  brush  support  is  called 
a  roi-kii-arm  or  roektr-frame. 

V\\f..  42  is  a  general  view  of  a  multipolar  dynamo  manufac- 
turnl  hy  thi:  Fort  Wayne  Electric  Works.  The  field  yoke,  that 
i«,  the  external  ring  of  the  field  magnet,  is  cast  in  two  parts  which 
,irr  boiled  ti>tjether,  and  the  upper  part  of  the  field  may  be  lifted 
nil  wJH-n  it  is  desired  to  remove  the  armature.  Fig.  43  is  a 
vi'w  "f  llii"  field  structure  and  base,  with  the  armature  and  all 
|jr  III  wirnlint,'s  removed.  One  of  the  laminated  structures  which 
".(.-iiliiti's  ii  iiinibined  field  magnet  core  and  pole  piece,  is  shown 
111  I'll;.  ,1.),  'llu'se  pole  pieces  are  set  into  the  mould  and  cast- 
••/i  lil<i|  t"  lln-  field  ring.  An  enlarged  area  of  pole  face  is  ob- 
l»ln'-(|  by  the  use  of  an  open  frame  of  cast  iron,  shown  in  Fig. 
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44,  which  is  called  the  pole  shoe.  This  pole  shoe  is  put  in  place 
and  fixed  by  bolts,  after  tlie  field  coils  have  been  slipped  into 
position  on  the  projecting  field  cores, 

Fig.  45  is  a  general  view  of  a  ten-pole  direct-current  generator 
of  the  Bullock  Electric  Manufacturing  Company,  connected  di- 
rectly to  the  main  shaft  of  tlie  driving  engine.  The  figure  shows 
the  rocker-frame,  wliich  supports  the  ten  sets  of  brushes,  and 
the  mechanism  for  adjusting  the  brushes  by  turning  the  rocker- 
frame  by  means  of  ihi:  small  hand  wheel  on  the  right.      Fig.  46 


shows  tlie  armature  core  and  commutator  of  the  generator  wh* 
is  shown  in  Fig.  45.  The  manner  in  which  the  sheet-iron  arma- 
ture core  stampings  are  supported  on  what  is  called  a  sfidcr,  is 
shown  in  Fig.  47.  The  partly  wound  armature  is  shown  in  F^. 
48,  and  twn  of  thL-  armatiire  coils  are  sho^vn  in  Fig.  49.     The  ( 
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44,  whkli  is  cailctJ  Uk  /o/<-  skiu.  This  pole  shoe  is  put  in  pUce 
and  fixed  by  bolts,  aTtcr  the  fkld  coils  lave  been  slipped  into 
pojittion  on  tlic  projecting  5dd  cores. 

Mg.  45  U  a  general  view  of  a  ten-pole  direct-current  generator 
of  the  Dullcick  Electric  Manufacturing  Company,  connected  di- 
rectly to  the  main  shaft  of  the  driving  engine.  Tlie  figure  shows 
the  rockcr-framc,  which  supports  the  ten  sets  of  brushes,  and 
the  mechanism  for  adjusting  the  brushes  by  turning  tlie  rocker- 
frame  by  means  of  the  small  hand  wheel  on  the  right      Fig. . 


kIhiWh  till"  nnmtiire  core  and  commutator  of  the  generator  whkh 
(■  Mhnwn  111  I'lH-  4  J.  The  manner  in  which  the  .ihcet-iron  arma- 
lilti  «'<irc  •ItiltipillK*  are  supported  on  what  is  called  a  sfndfr,  is 
thotvii  In  t'ln  47,  The  partly  w«und  armature  is sbomi  in  Fig. 
4H,  mid  lw.i  (if  the  armatiire  ooils  are  shown  in  Fig.  49.  The 
»lMli:V  lictvM-cH  1I1V  Armature  core  and  the  flange  at  one  end  of 
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Furthermore,  the  laminations  of  the  armature  core  are  separated 
at  interv'als,  thus  forming  air  ducts  from  tiie  interior  to  the  ex- 
terior of  the  armature  core.  Fig.  46  shows  seven  places  where 
the  laminations  arc  thus  separated,  and  Fig.  50  shows  one  place 
where  the  laminations  are  separated.  The  object  of  this  thorough- 
ventQatJon   of   the  armature  is  to  avoid  the  high   temperatures 


11" 
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which  would  otherwise  be  produced  by  the  vcrj'  considerable 
heat  which  is  generated  in  the  armature  core  by  eddy  currents 
and  magnetic  hysteresis,  and  in  the  armature  windings  by  the 

I  armature  current.  Fig.  5 1  is  a  view  of  a  portion  of  the  arma- 
ture core  showing  two  slots  filled  with  conductors  which  are  held 

'   in  place  by  wooden  wedges,  and  also  showing  several  of  the 

I  ventilating  ducts  between  the  sheet-iron  laminations.  The  arma- 
ture conductors  shown  in  Fig.  51  consist  of  massiv-e  reclangulai 

I  ban  of  copper.      Wire-wound  armatures  are,  in  general,  uscJ  for 
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machines  giving  small  current  outputs,  and  bar-wound  armature; 
for  machines  giving  large  current  outputs. 


Fig.    52  shows  one  pair  of  field  coils  (shunt  coil  and  serie 
coil)  of  the  generator  which  is  shown  in  Fig.  45.     The  mannei 


in  which  the  various  shunt  edts  are  connected  together,  and  ii 
whic'-   ■  -c±ed  together,  is  shown  ii 
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I  Fig.  28.     In   dynamos  of   earlier  design,  the  shunt  and   series 

■  windings  were  wound  one  over  the  other  on  a  single  spool. 
I  Present  practice  favors  the  separation  of  these  windings  for  the 
i  sake  of  more  perfect  ventilation,  and  on  account  of  greater  acces- 
I  sibilit>'  for  repairs. 

34.  Details  of  Commutator.  The  commutator,  the  function  of 
which  is  explained  in  Art.  3S,  is  always  made  in  tlic  form  of  a 
I  rigid  self-contained  structure.  Forced  copper  bnrs,  M.  Fig.  53, 
I  shghtlj'  thinner  at  one 
I  edge  tiian  at  the  other,  are 
I  built  up  in  the  form  of  a 
I  hollow  cylinder  with  ac- 
t  curately      gauged      mica 

■  plates  between  the   bars. 
*  This  built  up  structure  is 

clamped  in  a  massive  ring 

Ji/i,  placed  in  a  lathe,  and 

the  conical   seats    ss   are 

turned  out.     A  steel  hub  is 

provided  with  conical  lips 
h  which  fit  into  ttie  grooves 
l*r.  Fig.  53,  and  the  ends 
t  of  the  hub  are  drawn  to- 
L  gclher  by  bolts,  as  shown 
I  in  Fig.  54.  A  thin  conical 
(ivashcr  of  moulded  mica 

leparatcs     the   steel    hub 

I  the  copper  bars,  as  shown  in  Fig.  54.     The  radial  lugs  //, 

one  on  each  commutator  bar,  or  segment,  serve  for  the  attachment 

of  the  wire  leads  which  are  tapped  into  the  armature  windings. 
I  Fig,  S3  is  a  general  view  of  a  completed  commutator  manufactured 

py  the  General  Electric  Company. 

Sfi.  Brushes  and  Brush  Holders.     Metal  brushes  were  formerly 

llmost  exclusive!^'  used  fur  dynamos.     Such  brushes  were  made 
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Fcompact  bundles  of  thin  metal  leaves  or  wires,  so  as  lo  ii 
f  points  of  contact  with  the  commutator.  Metal  brushes 
ever  objectionable  for  two  reasons:  (f?)  It  is  very  difticul 
iurface  of  the  commutator  smooth  when  metal  bni 
are  used,  inasmuch  as  the  soft  copper  bars  and  the  soft  i 
brushes  do  not  wear  well  mechanically.  There  is  always  a  | 
dency  for  soft  metals  to  become  rough  when  rubbed  togi 
cspedally  if  any  extraneous  cause,  such  as  the  sliglit  si>arkinj 
Uie  brushes  of  .1  d\-iiain.'.  starts  the  fouj^lifning  process. 


{h)  The  tendency  of  a  dj-namo  to  spark  at  the  brushes  is  gi 
lessened  by  using  bruslies  made  of  comparatively  liigh  resistance 
material,  such  as  carbon,  instead  of  low  resistance  material  hlit 
metal.  Dynamo  brushes  are  now  almost  universally  made  rf 
Jiard  blocks  of  graphitic  carbon.  Such  brushes  wear  wdl 
^anically  without  other  lubrication  than  tliat  supplied  by  tlie 
ihite  of  the  brush. 

e  function  of  the  brush  holder  is  to  press  the  solid  blr»:ks 

prbon  which  are  used  as  brushes  firmly  against  the  commu- 

Jr,  and  at  the  same  time  to  give  sufficient  freedom  to  the  cai- 

f  blocks  to  enable  ihem  to  sent  themselves  s.iiugly  i^inst  the 

mutator  so  as  to  ensure  a  large  ai-ca  of  contact     1"^.  56 
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hows  a  carbon  brush  holder  manufactured  by  the  General  Elec- 
ric  Company.     The  current  U  led  from  the  carbon  block  to  the  j 
octal  part  of  the  holder  by  the  flexible  cable  of  fine  copper  wire 
rhich  »  called  a  pig  tail,  thus  relieving  the  spring  from  doing  I 
lut>'  as  an  electrical    conductor.     The   use  of  the  spring  as  a  ] 
Kinductor  would  heat  it  and  cause  it  to  lose  its  temper.     The 
11  lc\'cr  at  the  back  serves  to  adjust  the  pressure  with  which 
be  spring  presses  the  carbon  block  against  the  commutator, 

36.  Bipolar  and  multipolar  dynamos  compared.  —  In  the  early 
lays  i)f  ckctric;il  engineeriiig  com|>arativcly  .small  sized  dynamos 
pnly  were  used,  and  the  bipolar  field  structure  was  almost  univer- 
sal. The  increase  in  size  of  the  machines  involved  in  recent  clec- 
tficil  engineering  development;  has  led  to  the  adopdon  of  the 
nultipobtr  field  .■itructurc.  The  advantages  of  the  multipolar  over 
he  bi|x>lar  field  structure  for  lai^c-sized  machines  are  as  follows  : 
ill)  Bcimomy  of  iron.  —  The  magnetic  flux  is  available  for  the 
dudion  of  electromotive  force  only  where  it  passes  across  the 
■ir  gap  between  the  pole  feces  and  the  armature  core.     Therefore 


:  tfistrlbutiun  of  flux  around  the  armature  is  most  desirable 
binch  gives  tbc  shortest  po&<iible  patlis  in  the  armature  iron  frum 
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Fit.  58. 


the  places  where  the  flux  enters  to  the  places  where  the  flux 
leases  the  armature,  and  the  shortest  possible  paths  in  the  field 
iron  from  the  places  where  the  flux  leaves  the  armature  to  the 
places  where  the  flux  enters  the  armature.  Shortness  of  paths  in 
armature  and  field  iron  means  a  great  sa\ing  in  the  amount  of 
iron  required  in  the  machine  for  a  given  amount    of  useful  flux. 

The  diflference  between  the  bipolar 
field  and  the  multipolar  field  in  regard 
to  length  of  path  of  magnetic  flux,  is 
shown  in  Figs.  57  and  58.  These  fig- 
ures show  a  given  sized  armature  uith 
seven -tenths  of  its  surface  covered  by 
pole  faces  and  therefore  with  seven- 
tenths  of  its  windings  effective  at  each 
instant  in  the  production  of  electromo- 
tive force.  The  length  of  each  mag- 
netic circuit  in  Fig.  58  is  ver>'  much 
tli;in  the  Icn^h  of  the  magnetic  circuit  shown  in  Fig.  57. 
fi;Mjrr-,  show  in  a  striking  way  that  a  much  greater  amount 
'/.  jj'/fi  i .  required  for  the  bipolar  tlian  for  the  multipolar  struc- 
<  ./' 

^//y  hiniitnuv  of  field  copper. — Shortness  of  path  in  iron  with 
;', ,'  f.  II  I  ■',  'If-nsity  means  a  saving  in  the  amount  of  field  copper 
\>,\  t  yi  I  II  .imoiint  of  power  exjx^ndcd  in  field  excitation  {RP 
\'.  ,  '.I  .1  '..uiiij.^  in  the  amount  of  power  expended  in  field  e.xci- 
«:»;',.•,  \',\  A  'jMvcn  amount  of  field  copper.  The  dependence  of 
<'./!.  >  it.iti'iii  {ampere  turns)  upon  the  length  and  sectional  area 
'/<  t/.'    ni.i;'ii'  Ik   rircuit  is  discussed  in  Appendix  A. 

t> ,  /'.Jut  I  ton  <>f  sp(irki}iij^.  — The  sparking  of  a  dynamo  at  the 
'/I  .  J,'  .|.  )immI'.  larjjely  upon  the  magnetizing  action  of  the  arma- 
j  .M  '  jiji  Ml  'i'his  ma'metizintr  action  of  the  armature  current  is 
•  j;.'  'J  ,11  iihitnn  ),iu(iou,  and  it  is  proportional  to  the  product  of 
'/.'  '  iM'  III  111  ih<'  armature  conductors  and  the  number  of  arm- 
.ii'iM  '  «iM<hi(  !ni»,  under  a  pole  face.  An  increase  in  the  number 
'/I  j*'/U  •:,  fhricjiiir,  nuUices  the  armature  reaction,  and  thereby 
o  din  I'M  I  he  ti-ndeiicy  to  spark  at  the  brushes. 


I 
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The  following  disadvanlagcs  of  the  multipolar  construction  I 
outn'cigti  the  above  advantages  whtii  tlie  number  of  poles  ia  I 
increased  beyond  the  proper  limit.  I 

(a)  MagHtlic  lirtiagi-.  —  A  consi(ierable  portion  of  the  mag-  I 
netic  flux,  which  is  forced  through  the  field  magnet  cores  by  the  I 
field  windtitg,  crosses  from  pole  tip  to  pole  tip  without  passing   | 
through  the  armature.     This  flux,  called  the  leakage  flux,  does  I 
not  contribute  to  the  generation  of  electromotive  force  in  the    I 
armature  conductors.     When  a  great  number  of  field   magnet   I 
poles  surround  an  armature  of  given  diameter,  the  ti|>s  of  adja-    ! 
cent  poles  which  arc  of  opposite  polarity  are  very  close  together   1 
and  the  magnetic  leakage  is  excessive.     The  elTcct  of  this  exces- 
sive magnetic  leakage  is  to  reduce  the  useful  magnetic  flux,  and 
hence  to  reduce  the  electromotive  force  generated  in  the  arma- 
ture, unless  the  field  excitation  is  very  greatly  increased  at  the 
expeose  of  an  increase  of  field  copper,  or  an  increase  of  power 
cxpcrtdcd  in  field  excitation.     The  percentage  of  armature  surface 
actually  cov-ercd  by  the  pole  faces  is  usually  made  smaller  as  the 
number  of  poles  ts  increased,  in  order  to  avoid  excessively  short 
distances  between  adjacent  pole  tips,  1 

(*)  Multifiiviiy  of  parli.  — A  multipolar  machine  usually  has  ] 
L»  many  brush  sets  as  poles,  and  as  many  held  coils  as  poles.  ] 
Therefore  the  cost  of  manufacture  increases  with  the  number  of  | 
poles  because  of  the  increase  in  the  number  of  parts  required,  I 

37.  Smootii   cote  aad  slotted  armatures  compared. —  Dj-namo   \ 
armatures  were  fornicrly  made  with   smooth    cores  built   up  of    1 
circular  disks  of  sheet  iron,  tiic  armature  windings  being  placed 
upon  the  armature  surface  and  bound  wit!)  bands  of  phosphor- 
brorue  or  steel  wire.     With  this  t>-pc  of  armature  there  is  neces- 
sarily a  thick   layer  of  non-magnetic   material,  air  and  copper, 
between   the  pole  face  and  the  armature  core.     The  armature 
wim  are  e.\pasc(]  to  mechanic^d  injur)',  and  the  sideuHsc  drag  on 
the  wjre*  due  to  tlic  side  push  of  the  magnetic  licld  between  the    1 
C|oe  and  armatiire  core  not  infrequently  causes  the  armature  J 
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conductors  to  become  loose,  especially  when  an  excessive  current 
flows  through  the  armature  on  account  of  an  accidental  short  cir- 
cuit. Dynamo  armatures  are  now  constructed  with  deep  slots, 
as  shown  in  Figs.  41,  46,  48,  and  51.  In  this  type  of  armature 
the  conductors  arc  well  protected  mechanically,  and  tlie  side 
force,  which  in  a  smooth  core  armature  acts  upon  the  conductors, 
acts  chiefly  on  the  armature  teeth  of  a  slotted  armature.  Fur- 
thermore, the  air  gap,  or  distance  from  the  iron  of  the  pole  face 
to  the  iron  of  the  armature  core,  may  be  made  very  much  smaller 
in  the  slotted  than  in  the  smooth  core  armature.  In  Chapter  VI 
it  is  shown  that,  on  account  of  sparking,  the  air  gap  should  some- 
times be  greater  than  mechanical  clearance  alone  would  require, 
so  that  the  possibility  of  reducing  the  air  gap  is  not  always  of 
prime  importance. 

The  manner  of  cutting  the  lines  of  force  by  the  conducton 
which  lie  in  the  deep  slots  of  an  armature  is  as  follows :  Con- 
sider the  tuft  of  lines  of  force  which  emanate  from  an  annatuit 
tooth.  This  tuft  moves  across  the  pole  face  as  the  armatunt 
rotates.  This  motion  of  the  tuft  of  lines  of  force  is,  in  a  certdJI 
sense,  only  apparent,  since  it  is  due  to  the  addition  of  new  linck 
of  A>rce  to  the  forward  edge  of  the  tuft  by  the  very  rapid  flitting 
of  the  lines  of  force  across  the  slot  which  is  ahead  of  the  tooth  io 
(jucstion,  and  the  taking  away  of  lines  of  force  from  the  backward 
edj;e  of  tlic  tuft  by  the  very  rapid  flitting  of  the  lines  of  force 
across  the  slot  which  is  behind  the  tooth  in  question.  The 
velocitv  at  which  the  lines  of  force  flit  across  the  slots  and  cut 
the  armature  conductors  is  much  greater  *  than  the  mean  velocity 
of  the  armature  conductors.  The  fundamental  equation  of  the 
dynamo,  see  Article  30,  applies  to  smooth  core  and  slotted  core 
armatures  alike. 

*Tn  the  ratio  of  the  flux  density  in  the  slot  to  the  mean  flux  density  in  the  gap 
sjucx*.  The  above  apparent  motion  of  a  tuft  of  lines  of  force  is  similar  to  the  ap|>ar- 
ent  motion  of  a  tuft  of  the  hristh.s  of  an  ordinary  brush  when  the  finger  is  rul)l>ed  over 
it,  and  the  rapid  flitting  of  the  lines  of  force  across  a  slot  is  similar  to  the  rapid  flitting 
of  the  bristles  across  the  nearly  vacant  space  behind  the  finger. 
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38.  Spedal  designs  of  dynamos.  —  The  essential  features  of  a  ' 
l>d>-naino  are  the  same  whatever  the  use  for  which  the  dynamo  is 
lintcntlcd  ;  whether  it  is  to  be  used  as  a  generator  or  as  a  motor ; 
i«hctlief  it  is  to  be  driven  as  a  generator  by  a  bell  or  by  being 
I  dircaly  connected  to  an  engine  or  to  a  water-wheel ;  or  whether 
lit  is  operated  as  a  motor  and  drives  a  machine  by  a  belt  or  by  being 

■  constructed  as  an  integral  part  of  the  machine  which  it  drives. 

There  are,  however,  important  si^ecial  paints  in  the  design  of  a 

■  generator  which  is  to  be  directly  connected  to  an  engine  or  to  3 
Iw'atcr- wheel,  and  in  the  design  of  a  motor  which  is  to  be  directly 

I  to  the  machine  which  it  drives.     These  special  points 
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Electric  motors  for  use  in  very  dusty  places  are  usually  built 
with  an  enclosing  dust-proof  case.  Such  an  enclosed  motor  is 
shown  in  Fig.  60.     This  type  of  motor  is  usually  called  a  R 


4 

built 
■tor  U 

'1 


type  motor.     Street  car  motors  arc  : 
car  motor  is  shown  in  Fig.  91. 

A  given  motor  carrying  a  given  load  runs  much  cooler  when 
it  is  entirely  open  to  the  air  titan  when  it  is  enclosed,  or,  for  a 
given  running  temperature  it  will  carry  a  heavier  load  if  it  is  o] 
than  if  it  is  enclosed. 

89.  The  dynamotor.  —  It  is  often  necessary  to  take  current 
lighting  mains  at,  say.  1  lO  volts  for  use  in  charging  a  few  ctiH 
of  storage  battery.  To  do  this  a  large  resistance  maj'  be  con- 
nected in  series  with  the  .storage  battery.  The  objection  to  tilis 
is  that  a  great  deal  of  power  is  tost  in  the  resistance.  A  method, 
which  is  usually  more  economical,  is  to  operate  a  standard  iio- 
volt  motor  with  current  taken  from  the  1 1  o-volt  mains  and  use 
this  motor  to  drive  a  generator  which  is  designed  to  give  the  low 
voltage  required  for  charging  the  stonif^c  battery.  This  combina- 
tion of  motor  and  gcnerat'ir  1-  ! -i:^eHeratm' set. 
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The  motor  and  generator  of  a  motor-generator  set  may  be   > 

^uilt  as  one  machine,  that  is,  a  machine  having  one  field  magnet 

land  one  armature  structure  but  with  t\vo  distinct  windings,  one 

■of  many  turns  of  fine  wire  connected  to  a  commutator  at  one  end, 

tand  another  of  fewer  turns  of  coarse  wire  connected  to  a  second 

■'Commutator  at  the  other  end.     This  machine  can  then  be  run  as 

Ba  motor  by  a  small  current  delivered  to  its  fine  wire  windings 

Brom  the  supply  mains,  and  at  the  same  time  it  will  operate  as 

i  generator  and  deliver  a  large  current  at  a  reduced  voltage  from 

a. coarse  wire  windings,     Such  a  machine  is  called  a  dynamotur. 

Fig.  61  shows  a  dynamotor  made  by  the  Crocker-Wheeler  Com- 


ftpany  and  designed  to  take  current  from  iio-vo!l  mains  and  to 
rdcliver  current  from  its  coarse  wire  armature  winding  at  1:5  volts. 

40.  The  homopolar  dynamo.  —  A  simple  type  of  direct-current 
jdynamo.  hitherto  but  httle  used  on  account  of  its  very  low  elec- 

motive  force,  is  the  so-called  homopolar  dynamo  (sometimes 
lUcd  the  unipolar  dynamo,  and  sometimes  the  acyclic  dynamo). 
Fig.  62  shows  a  longitudinal  section  and  an  end  view  of  a 
■imple  type  of  homopolar  dynamo. 

The  armature  is  a  solid  cylindrical  piece  of  soft  iron  or  steel 
\t\A     which  nutates  inside  of  a  hollow  cylindrical  field  yoke     YV. 


J 
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The  field  flux,  the  trend  of  which  is  shown  by  the  closed  dotted 
lines  4>4>,  is  produced  by  a  field  winding  ZZ  which  is  fixed  to  the 
inside  of  the  hollow  cylindrical  yoke,  and  surrounds  the  rotating 


Fig.  62. 

cylindrical  armature  A,  There  are  two  sets  of  positive  brushes 
which  are  arranged  to  rub"  upon  the  extreme  ends  of  AA,  and 
two  sets  of  negative  brushes  which  are  arranged  to  rub  on  AA 
at  any  convenient  place  inside  of    YY,     The  leads  which  connect 

to  the  brushes  inside  of  YY 
pass  through  a  series  of  holes 
through  YY,  which  are  shown 
by  the  short  dotted  lines.* 

The  low  electromotive  force 
of  the  unipolar  dynamo  is  due 
to  the  fact  that  the  armature  con- 
sists necessarily  of  a  single  ele- 
ment in  which  electromotive 
force  is  induced.  To  obtain  a 
high  electromotive  force  there- 
fore, a  number  of  distinct  machines  must  be  connected  in  series,  t 
These  distinct  machines  may  have,  however,  a   common    mag- 

♦  A  modified  form  of  unipolar  dynamo  is  described  by  H.  E.  Heath  in  the  EUc- 
trical  World  and  Enginffr,  February  lo,  1 900,  Vol.  35,  p.  2lO. 

tSee  paper,  "Acyclic  Homopolar  Dynamos,"  by  T.  E.  Nocggcrath,  Trans,  A, 
1,  E,  £".,  January  27,  1905. 


Fig.  63. 
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netic  circuit  as  shown  in  Fig.  63.  This  figure  shows  one  end 
of  a  machine  with  three  distinct  armatures,  each  having  its  own 
positive  and  negative  brushes.  One  armature  is  the  solid 
cylinder  A,  the  second  armature  is  a  cylindrical  metal  shell  2, 
2  insulated  from  A,  and  the  third  armature  is  an  insulated 
cylindrical  metal  shell  3,  3.  To  connect  these  three  armatures 
in  series  so  that  their  electromotive  forces  may  be  added,  the 
positive  brushes  of  No.  i  are  connected  to  the  negative 
brushes  of  No.  2,  the  positive  brushes  of  No.  2  to  the  negative 
brushes  of  No.  3  and  so  on,  exactly  as  in  the  series  connections 
of  voltaic  cells. 

Fig.  62  shows  that  each  set  of  brushes  consists  of  a  number 
of  individual  blocks  of  metal  or  carbon  arranged  symmetrically 
around  the  periphery  of  the  rotating  armature. 


CHAPTER   III. 

THE  OPERATION  OF  THE   DYNAMO  AS  A  GENERATOR.' 

41.  Constant  voltage  and  constant  current  supply.  —  When  a 
number  of  lamps,  or  motors,  or  both,  are  connected  in  parallel 
with  each  other  across  the  supply  mains,  it  is  necessary  to  main- 
tain an  unvarying  electromotive  force  between  the  mains  in  order 
that  the  various  lamps  and  motors  may  operate  independently  of 
each  other.  This  method  of  supply  is  called  constant  voltage  dis- 
tribution. In  this  system  a  given  lamp  or  motor  is  put  out  of 
service  by  disconnecting  it  from  the  mains  or  by  simply  opening 
its  circuit.  When  a  lamp  or  motor  is  put  out  of  service  in  this 
way,  each  remaining  lamp  or  motor  takes  the  same  current  as 
before,  and  the  generator  delivers  a  total  current  which  is  less 
than  before  by  the  amount  of  current  which  was  taken  by  the 
disconnected  lamp  or  motor. 

When  a  number  of  lamps  connected  in  series  are  supplied  with 
current,  it  is  necessary  to  maintain  a  constant  current  in  this 
circuit  in  order  that  the  various  lamps  may  operate  independently 
of  each  other.  This  method  of  supply  is  called  constant  current 
distribution.  In  this  system  a  given  lamp  is  put  out  of  service, 
not  by  breaking  its  circuit,  but  by  short-circuiting  it,  that  is  by 
closing  a  switch  which  establishes  a  by-pass  for  the  current.  The 
closing  of  this  switch  generally  reduces  the  total  resistance  of  the 
circuit  of  lamps  as  a  whole,  and  the  maintenance  of  a  constant 
current  in  the  circuit  requires  a  decrease  of  the  electromotive  force 
of  the  generator  when  lamps  are  put  out  of  service,  and  an 
increase  of  the  electromotive  force  of  the  generator  when  addi- 
tional lamps  are  put  into  service. 

The  constant  voltage  system  of  supply  is  almost  universally 
employed  nowadays,  both  for  direct-current  distribution  and  for 
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Itcmattng  current  distribution  ;  for  long  distance  pow'er  trans- 
mtswon,  for  electric  railways,  and  in  general  for  the  supply  of 
current  to  motors  and  to  lamps. 

The  only  case  in  which  it  is  distinctly  advantageous  to  use  the 
coiutant  current  system  is  for  street  lighting  iit  cities  where  a  fixed 
nhmbcr  of  widely  distributed  lamps,  arc  or  incandescent,  are  to   | 
be  operated. 

The  shunt  generator  driven  at  constant  speed,  and  (Specialty 
tile  compound  generator,  maintains  automatically  an  approxi-  > 
matdy  constant  voltage  c\-en  though  the  current  output  varies. 
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ITiB  t9  shown  by  the  so-called  charachfistitr  cunrs  in  Figs.  64  and 
65.     The  ordinatcs  of  the  curve  in  Fig.  64  represent  liie  voltages 
of  a  shunt  generator,  and  the  abscissas  represent  tlie  correspond- 
ing current  outputs.     The  voltage  of  a  shunt  generator  decreases   . 
fjiehtly  a»  the  current  output  increases,  as  is  cvidtrnt  from  Fig.  j 
64,     The  ortlinates  of  the  cur\e  in  Fig.  65  rcfiresent  tllc  voltages  \ 
uT a  compound  gcocrator  (flat-compound),  and  the  ab5ci.<tsas  repre- 
t  the  camspondint;  current  outputs.     The  voltage  of  a  flat- 
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compocirxi  generator  is  ver>'  neariy  independent  of  the  current 
oct^xit  as  Ki  evident  firom  F^.  65. 

Irt  pr&ctac^  the  vohage  of  a  shunt  or  compound  generator  is 
uaorr  tbe  oxrcr^i  of  an  attendant  who,  by  manipulating  a  shunt 
!xic  riK\?:?tar.  coay  keep  the  \x)ltage  as  nearly  consHmt  as  desired. 
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•  V  . . v»i^iC^■^  -^^  ••"<  ^"^^^  *^  ^'^-  ^  represent  the  voltages  of 

V  XV.. vx  .^oN^  l^^'    J^'n:  ^>^^  ab«>dssas  represent  the  corresponding 

v^.o^  x^      ^^    vclrj^:e  of  a  series   generator  increases 

A  .. ,;>   . wu-^-^ x^'^ c-^rrcnt  output  as  is e\ident  from  Fig.  66. 

.  >,     v^-,vx^'  A^;C^^^^sL  .^^:h<'  ourv-es  in  Figs.  64,  65  and  66  show 

s     V  .-^vit' Jtx^ri^ic  cur>>is  for  current  outputs  greater 

.vvi    *»    *   \\k:  vjdoe?  for  which  the  machines  are 


.V 


"^k'.x^   v<>*^^'^  >'^^  t>sr  vJwi^Mis  t\-pes  of  generator  to  the  re- 

^      'x  .s  vV  AS'^.^^^-  curwrtt  s\-5tem,  or  rather  the  inherent 

'        ,C^^\v^v  N<V.<^V.^^  ww^y  t^  w»^  evident  by  replotting 

.     s*  ^^-^^s^^  '^•^^  oSArJict^^tfetic  curx-es  of  Figs.  64  and  66 

'        '    k  vvv  ^^v  ^-  v*V>^  ^  cunrtttt  ou^ts  of  the  different  gen- 

'^^''^   X»»Htr  **i  *<^  it«sl»ocs  of  the  receiving  circuit  as 
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abscissas.     Fig.  67  shows  these  current-resistance  curves  of  a  shunt 
[enerator  and  of  a  series  generator.     The  dotted  portions  of  the 
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urves  in  Fig.  67  correspond  to  the  dotted  portions  in  Figs.  64 
nd  66.     An  ideal  constant  current  generator  would  have  for  its 
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current-resistance  cur\'e  a  horizontal  straight  line.  The  dotted 
part  of  the  shunt  generator  curve  A  in  Fig.  67  is  very  far  from 
being  a  horizontal  straight  line,  while  a  large  portion  of  the  un- 
dotted  part  of  the  shunt  generator  curve  is  not  greatly  inclined. 
On  the  other  hand  the  dotted  part  of  the  series  generator  cun'c 
/>  is  not  greatly  inclined,  while  the  undotted  portion  is  greatly 
inclined.  Therefore,  the  nearest  approximation  to  an  automatic 
constant  current  generator  would  be  a  shunt  generator  designed 
so  as  to  operate  normally  on  the  undotted  portion  of  its  charac- 
teristic curve  as  shown  in  Figs.  64  and  67,  or  a  series  generator 
designed  so  as  to  operate  normally  on  the  dotted  part  of  its  char- 
acteristic curve  as  shown  in  Figs.  66  and  67. 

As  a  matter  of  fact,  however,  the  series  generator  is  always 
used  for  constant  direct-current  supply  for  the  following  reason : 
The  voltages  used  for  series  constant  current  arc  lighting  are 
high,  ranging  from  i.ooo  to  6,000  volts  per  lamp-drcuit.  A 
high  voltage  shunt  generator  is  expensive  to  construct  because  of 
the  great  quantity  of  very  fine  and  very  highly  insulated  wire 
required  for  its  field  winding,  whereas  the  high  voltage  series 
generator  has  a  comparatively  coarse  wire  field  winding  which 
need  not  be  so  thoroughly  insulated  as  the  shunt  winding. 

Generators  which  are  used  for  constant  current  distribution  are 
always  provided  with  automatic  devices  for  keeping  the  current 

output   constant,   in   spite  of 


*«• 


armatare  lamps 


changes  of  resistance   of  the 
receiving  circuit.* 

//FrM  wimiinn    A  t         42.  Coiinections  of  a  series 

SiQQQQQyy-O         o    ^^     ©-^      generator    and    its    receiving 

.^^^vwww  circuit.     Fig.  68  is  a  diagram 

^  of    connections    of    a   series 

Fig.  68.  . 

generator,  some  of  its  acces- 
sory apparatus,  and  a  circuit  of  arc  lamps.      An  ammeter  A  is 

*See  chapter  on  Arc- Lighting  Dynamos  in  S.  P.  Thompson's  "Djnaamo  Electnc 
Machinery.*' 
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usually  placed  in  the  circuit  so  that  the  station  attendant 
can  see  when  the  current  has  the  proper  value.  In  Fig. 
68  an  adjustable  resistance  B  is  shown  connected  in  parallel 
with  the  field  winding ;  by  varying  this  resistance,  that  portion 
of  the  fixed  current  output  of  the  generator  which  flows  through 
the  field  winding  may  be  changed  at  will,  and  thus  the  electro- 
motive force  of  the  generator  may  be  controlled  so  as  to  cause  it 
to  deliver  a  constant  current  in  spite  of  variations  in  the  resistance 
of  the  receiving  circuit.  This  hand  controlling  device  is  not  used 
in  commercial  arc  lighting  plants,  and  it  is  only  mentioned  here 
to  give  a  clear  idea  of  a  possible  method  for  controlling  a  series 
generator. 

43.  Connections  of  a  shunt  or  compound  generator  and  its  receiv- 
ing circuit.  Fig.  69  is  a  diagram  of  connections  of  a  compound 
generator  (short-shunt)  with  its  field  rheostat  R,  main  fuses  at  b 
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and  r,  main  switch,  ammeter  A,  voltmeter  V,  and  circuit  breaker 
BB,  These  accessory  appliances  are  always  mounted  in  con- 
venient positions  on  a  panel  of  insulating  material,  slate  or  marble, 
called  a  switch-board.  The  wires  a,  h,  and  c  lead  from  the  gen- 
erator to  the  switch-board,  and  the  wires  d  and  e  lead  from  the 
switch-board  to  the  lamps.  The  wires  leading  to  the  individual 
groups  of  lamps  LL,  and  to  the  motor  M,  in  Fig.  69  are,  of 
course,  smaller  than  the  mains  leading  out  from  the  switch-board. 
It  is  wise  to  insert  fuses  //,  as  shown  in  Fig.  69,  at  every  point 
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where  a  smaller  wire  attaches  to  a  larger  one,  otherwise  a  short 
circuit  might  occur  in  one  of  the  small  groups  of  lamps,  taking 
enough  current  to  make  the  small  copper  wires  red  hot,  but  not 
enough  to  open  the  circuit  breaker  BB^  or  to  melt  the  main  fuses 
in  the  wires  b  and  r,  thus  giving  rise  to  a  serious  fire  risk. 

The  connections  of  a  shunt  generator  are  the  same  as  in  Fig. 
69  except  that  there  is  no  series  field  winding. 

44  The  building  up  of  a  generator  at  starting.  —  When  a  self- 
excited  generator  is  started,  the  slight  residual  magnetism  in  tlie 
field  structure  induces  a  small  electromotive  force  in  the  armature 
windings.  This  electromotive  force  produces  a  small  current  in 
the  field  winding  which  strengthens  the  residual  magnetism. 
This  strengthened  residual  magnetism  induces  an  increased  elec- 
tromotive force ;  this  produces  an  increased  current  in  the  field 
winding  which  in  turn  still  further  increases  the  magnetism,  and 
so  on  until  the  machine  is  in  full  action.  This  process  is  called 
huiiding  up  ;  it  usually  takes  half  a  minute  or  more  for  this  build- 
ing up  process  to  bring  a  machine  up  to  its  full  voltage. 

If  a  generation  has  no  residual  magnetism  it  cannot  begin  the 
building  up  process.  To  get  such  a  machine  into  operation  it  is 
necessary  to  excite  its  field  magnet  temporarily,  by  direct  current 
from  an  outside  source.  This  generally  leaves  enough  residual 
magnetism  to  start  the  building  up  process. 

It  frequently  happens  that  the  current  produced  in  the  arma- 
ture by  the  residual  magnetism  flows  through  the  field  winding 
in  such  a  direction  as  to  zcetikcu  the  residual  magnetism.  In  this 
case  the  machine  cannot  build  up  at  all.  This  failure  to  build 
up  does  not  depend  upim  the  direction  of  the  residual  magnetism ; 
for  if  the  field  current  produced  by  given  residual  magnetism 
strengthens  (c^r  weakens)  the  residual  magnetism,  then  if  the  re- 
sidual magnetism  be  reversed,  it  will  produce  a  reversed  current, 
and  this  reversed  current  will  strengthen  (or  weaken)  the  reversed 
residual  magnetism  as  before. 

Whether  the  current  produced  by  the  residual  magnetism  flows 
through  the  field  winding  in  the  direction  to  strengthen  or  in  the 
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to  weaken  the  rt^sidual  magnetism,  depends  only  upon 
the  directicMi  of  driving  of  the  generator,  and  upon  which  terminal 
oTthe  field  winding  is  connected  to  a  given  brush. 

If  under  given  conditions,  a  generator  does  build  up.  It  cannot 
btiild  up  if  its  direction  of  driving  is  reversed,  or  if  its  field  con- 
nections are  reversed ;  if,  however,  its  direction  of  driving  and  its 
Bdd  connections  are  both  reversed,  then  it  will  build  up.  If, 
under  given  conditions,  a  generator  cannot  build  up,  it  may  build 
lip  if  its  dtrcetion  of  driving  is  reversed,  or  if  its  held  connections 
ire  reversed.  i 

A  generator  driven  in  a  given  direction  may  build  up  so  that  ' 
aihcr  the  one  or  the  other  of  its  brushes  is  the  positive  brush, 
according  td\hc  initial  direction  of  the  residual  magnetism.  A 
generator  which  is  rcpcaledlj"  started  and  stopped  usually  builds 
ii|)  each  time  in  the  same  direction  :  but  some  outride  disturbance, 
luch  as  a  momentary  current  from  a  lightning  discharge,  may 
wcnc  the  residual  magnetism  of  a  machine :  in  this  case  the 
nachine  Hill   build  up  in  a  reverse  direction  the  next  time  it 

Fl«ai  (ha  «bi>««  dacnfrtian  or  the  building  ap  |iniceo  il  may  pcrhapt  seem  thai 
bcfv  b  iMi  liMll  to  th«  fitlit  Mrcnglh  and  valtagv  reached  hj  a  given  telf-cicited 
[■acnlM  dnifs  al  a  gmT>  t\xtti.  Thrrr  ii  linwevcr  a  definite  iitait  \a  ei'ery  case, 
■  h  raplalned  in  Appmdti  R  on  chaiaclcrislici. 

4t.  Ontpntof  a  generator,     {a)  Shunt  or  comfiounJ  gt-nirator. — 

Shunt  and  comptnind  generators  arc  uwd  for  service  in  which  an 

i)jpToxtmately  constant  electromotive  force  Is  to  be  maintained 

I  the  terminals  of  the  machine.     Under  these  conditions 

e  carrcni  delivered  by  the  machine  is  inversely  proportional  to 

z  raixtance  uf  tJie  receiving  circuit.     When  the  resistance  of 

i  receiving  circull  is  lar^  the  current  is  smalt,  and  when  the 

ustance  of  the  receiving  circuit  is  small   the  current  k  large, 

locordmg  to  Ohin*s  law. 

(*)  Strirs  gxHtraior.  —  The  relation  between  the  current  out- 
put of  a  «crics  generator  and  the  resistance  of  the  receiving  circtrit  j 
I  complicated  by  tlie  fact  that  the  tlcctromotivc  force  of  a  scries  J 
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gtrjirTfii'^r  ir  s'C  ciciscazrr  b-in  ri-zrea^es  i;Tsy  rajacSy  as  the  current 
o  -tC/'-n  ^jcrtzjsci.  WhzT^  trsc  n£se?ca*tnr  -k"  the  riDoerviiig  circuit  is 
lir^'-t.  tbe  eicctrc-cic^.-e  !>*rce  15  szsall  a=Ki  ibc  cumcnt  oa^ut  is 
v^.'  KT-ill  Wh-er.  tbe  resstance  -x'  tbc  rgcehii^  circuit  is  small 
the  elt?r:r:o:dve  5crce  is  lai^^e  asd  the  cuircm  is  ^tr^-  large. 

PcfUir  -ir.ya*.'  r^'  a  /^Jiir.'  .ir  ctmif^-^zd  gnuraU^.  —  The  pow-er 
output  of  a  generator,  beir^  eq-^  to  the  product  of  the  terminal 
voltage  of  the  geneiaror  and  the  current  output,  is  small  mhen 
the  current  \s»  small  and  large  ivhen  the  current  is  large.  Fur- 
xhnxvc^jT^  since  the  generator  armature  is  drT\'en  in  cqiposidon  to 
the  si^  push  which  the  field  magnet  exerts  upon  the  armature 
uireis,  and  since  this  side  push  is  proportional  to  the  current,  it 
follows  that  the  amount  of  power  required  to  dri«  a  generator 
increases  with  its  current  output.  WTien  the  current  output  (to 
external  receiving  circuit;  is  zero,  the  only  power  required  to  drive 
a  shunt  generator,  for  example,  is  the  power  required  to  supply 
the  field  current  and  to  supply  the  friction  and  magnetic  losses  in 
the  armature. 

Poutr  rating.  —  From  the  above  discussion  it  may  app)ear  that 
any  desired  amount  of  power  however  great  can  be  delivered  by  a 
given  generator.  In  a  certain  limited  sense  this  is  true,  but  when 
the  current  output  of  a  generator  is  increased  more  and  more, 
the  temperature  of  the  machine  increases  more  and  more,  on 
account  of  the  heat  generated  by  the  current  in  the  windings,  and 
tlie  teiulency  to  spark  at  the  brushes  increases.  The  deterioration 
(){  tlie  insulatin<{  materials  caused  bv  heat  sets  a  more  or  less  defi- 
nite  limit  to  the  permissible  rise  of  temperature  of  a  generator, 
and  the  smooth  running  and  durability  of  the  commutator  depend 
ujjon  sparkless  commutation.  Therefore,  there  is  a  practical 
limit  to  the  output  of  a  given  generator  beyond  which  either  the 
licatin;.;  or  the  sparking  becomes  excessive.  This  practical  limit 
to  the  output   of  a  generator  determines  what  is  called  its  rated 

(>Utf>Ut. 

46.  Conditions  which  affect  the  electromotive  force  of  a  generator. 
{a)  Primary   conditions.      Speed  and  field  excitation.  —  The 
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electromotive  force  of  a  given  generator  depends  upon  its  speed  «, 
1  upon  the  armature  flux  *i>  according  to  equation  1.3 1).  The 
arTTiatiirc  flux  depends  in  its  turn  upon  the  degree  of  excitation 
of  the  fichl  magnet.  Therefore,  aside  from  the  cunipara lively 
snail  disturbing  action  of  the  current  in  the  armature,  the  volt- 
aic cif  a  gmcnitor  dq>ends  upon  its  speed  and  its  field  excitation,  ' 
The  ikrpcndcnce  of  the  voltage  of  a  generator  upon  the  value 
tlic  armature  flux,  *.  is  strikingly  shown  by  the  following 
experiment :  Given  a  generator  driven  at  a  constant  speed,  n 
a  ^'oltmetcT  Connected  across  its  terminals,  the  receiving  circuit 
King  disconnected.  When  a  heavy  slab  of  iron  is  laid  across  the 
irilc  pieces,  llie  voltage,  as  indicated  by  the  voltmeter,  drops 
con^iderabl)'  on  account  of  the  fact  that  a  portion  of  the  flux  from 
the  field  magnet  poles  now  passes  through  the  iron  slab  instead 
ing  tlirough  the  armature,  and  4*  is  therefore  decreased. 
The  iron  slab  acts  as  a  magnetic  shunt  in  giarallcl  with  the 
imtiaturc  core  of  the  generator.  When  the  slab  is  removed  the 
voltage  rises  to  its  original  v.thie. 

(4)  Secandary  condidoa.  —  The  disturbing  action  of  the  current 
1  the  armature  of  a  generator  is  comparatively  small  in  its  effect 
ton  the  voltage  of  the  generator,  and  therefore  it  is  permissible 
»  conrider  the  voltage  of  a  generator  as  primarily  dependent 
llpon  ifr  speed  and  its  field  excitation,  and  as  only  secondarily 
dependent  upon  the  armature  current.  The  effect  of  armature 
currem  upon  voltage  is  twofold.  In  the  first  place  the  current 
1  the  amature  of  a  generator,  under  ordinary  operating  rondi- 
rww.  nppo**-.  ■  the  magnctiiting  action  of  the  field  windings,  and 
•■sen  the  armature  flux  4>,  and  thereby  to  lessen 
1  motive  force  induced  in  the  armature.  In  the 
I  r-ortion  of  the  electromotive  force  actually  induced 
llic  uiiialurc  is  used  to  overcome  the  resistance  of  tlie  arma- 
[tire  (and  of  the  series  field  winding)  through  which  the  current 
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flows  before  it  reaches  the  terminals  of  the  machine.  Electro- 
motive force  lost  in  this  way  is  called  internal  drop,  and  because 
of  this  internal  drop,  the  electromotive  force  between  the  terminals 
of  the  j^renerator  is  less  than  the  electromotive  force  actually 
induced  in  the  armature. 

The  effect  of  internal  drop  upon  the  terminal  voltage  of  a 
generator  may  be  easily  formulated  as  follows : 

Let  /,  be  the  current  flowing  through  the  armature ; 

/^  the  current  flowing  through  the  shunt  field  winding ; 
/.  the  current  flowing  through  the  series  field  winding  of 

a  series  or  compound  machine ; 
/  the  current  flowing  through  the  external  circuit ; 
li^^  the  total  electromotive  force  induced  in  the  armature ; 
Ji^  the    electromotive    force    between    the    terminals  of  a 

generator ; 
R^^  the  resistance  of  the  armature,  including  resistance  of 
brushes  and  of  contacts  between  the  brushes  and  the 
commutator  ; 
A'^  the  resistance  of  the  shunt  field  winding ;  and 
A*,  the  resistance  of  the  series  field  winding  ; 
A'   the  resistance  of  the  external  circuit. 
The  loss  of  electromotive  force  in  the  armature  due  to  armature 
resistance  is  R,J„,  and  the  loss  of  electromotive  force  in  the  series 
field  windiiu^  on  account  of  its  resistance  is  R  f ,  so  that  the  total 
iiiternul  drop  \s  R  I   +  R  /    and  the  relation  between  £  and£, 
is  : 

E  =E  -R  I  -  RI  (22) 

A  voltmeter  connected  to  the  terminals  of  a  generator  indicates 
h^.  The  value  of  li^^  cannot  be  directly  measured  by  a  voltmeter 
except  when  /  and  /  are  negligibly  small,  in  which  case  E^  =  £,. 

In  case  of  the  shunt  generator  there  is  no  series  field  winding, 
•"^o  that  A'^  is  zero  and  the  term  RJ^  drops  out  of  equation  (22). 

In  case  of  the  series  generator  1=,  I  ^^  I  since  there  is  but 
one  electric  circuit. 
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In  case  of  the  long  shunt  compound  generator 

a  e  X     '        $ 

as  is  evident  when  we  consider,  referring  to  Fig.  29,  that  the 
whole  armature  current  flows  through  the  series  field  winding, 
and  then  divides  between  the  shunt  field  winding  and  the  external 
circuit. 

In  case  of  the  short-shunt  compound  generator 

/  =  /  =  /-/, 

as  IS  evident  when  we  consider,  referring  to  Fig.  30,  that  the 
armature  current  divides  at  the  brushes,  flowing  partly  through 
the  shunt  field  winding,  and  partly  through  the  series  field  wind- 
ing and  the  external  circuit. 

47.  Comparison  of  separately  excited  generator,  shunt  generator, 
compound  generator  and  series  generator  in  regard  to  variations  of 
terminal  voltage.  Separately  excited  generator,  —  The  field  cur- 
rent of  a  separately  excited  generator  is  constant,  so  that  the 
armature  flux  4>  is  constant  except  for  the  comparatively  slight 
decrease  due  to  armature  reaction  when  the  machine  is  delivering 
current.     Therefore : 

{a)  The  total  induced  voltage  £^,  of  a  separately  excited 
generator  falls  off"  in  proportion  to  the  speed  at  which  the  machine 
is  driven,  and  the  terminal  voltage,  E^  which  is  always  approxi- 
mately equal  to  £,,  likewise  falls  off  nearly  in  proportion  to  the 
speed.    This  is  evident  from  the  fundamental  equation  E^^=^  ^Z' n. 

(b)  The  external  voltage  E^,  of  a  separately  excited  generator 
falls  off  with  increase  of  current,  on  account  of  internal  drop 
RJ^t  and  on  account  of  the  lessening  of  <I>  by  armature  reaction. 

Shunt  generator.  —  The  field  current  of  a  shunt  generator  falls 
off  when  the  terminal  voltage,  E^,  decreases,  inasmuch  as  the 
shunt  field  windings  are  connected  between  the  terminals  of  the 
machine.     Therefore : 

(tf)  A  decrease  in  speed  of  a  shunt  generator  causes  a  much 
greater  decrease  in  E^  and  E^  than  in  the  case  of  the  separately 
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excited  generator,  because  of  the  decrease  of  /,  which  accompanies 
the  decrease  of  E^, 

{b)  An  increase  in  current  output  of  a  shunt  generator  causes 
a  much  greater  decrease  in  E^  than  in  the  case  of  the  separately 
excited  generator,  because  of  the  decrease  of  /^  which  accompa- 
nies the  decrease  of  E^. 

The  compound  generator.  — {a)  When  a  generator  has  a  com- 
pound field  winding,  the  current  output  of  the  machine  flows 
through  the  series  field  coil,*  and  the  field  excitation  of  the 
machine  is  therefore  increased  with  increased  current  output.  If 
the  series  field  coil  has  a  sufficient  number  of  turns  of  wire,  this 
increase  of  field  excitation  may  not  only  counterbalance  the 
demagnetizing  action  of  the  current  in  the  armature,  but  it  may 
more  than  counterbalance  this  demagnetizing  action  and  cause  4> 
to  actually  increase  with  increase  of  current  output,  thus  increas- 
ing the  total  induced  electromotive  force  E^, 

1 .  This  increase  of  E^  can  be  made  sufficient  to  comf>ensate 
for  the  internal  drop,  RJ^  +^r^r»  ^^"^  keeping  E^  approximately 
constant  with  increase  of  current  output.  In  this  case  the 
machine  is  said  to  h^  flat-compounded, 

2.  This  increase  of  E^  can  be  made  more  than  sufficient  to  com- 
pensate for  the  internal  drop.  In  this  case  the  voltage  between 
the  terminals  of  the  machine  increases  with  increase  of  current 
output,  and  the  machine  is  said  to  be  oifcr-compounded, 

(b)  The  dependence  of  the  voltage  of -a  compound  generator 
upon  speed  is,  for  a  given  current  output,  nearly  the  same  as  in 
the  case  of  the  shunt  generator. 

Scries  generator.  — (^)  The  voltage  of  a  series  generator  is  zero 
or  nearly  zero,t  when  the  current  output  is  zero,  and  it  increases 
rapidly  with  the  current  output.  This  is  evident  when  we  con- 
sider that  the  field  winding  is  in  series  with  the  external  circuit 

(/;)   For  a  given  current  output,  the  total  induced  voltage,  E^y 

*This  statement  applies  specifically  to  the  short-shunt  coiApound  dynamo. 
t  Residual  magnetism  produces  a  small  electromotive  force  even  when   the  series 
field  current  is  zero. 
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f  a  scfies  generator  is  proportional  to  the  spted,  and  the  ter- 
aiiul  voltage,  £,,  is  very  nearly  proportional  to  the  speed. 

Adaflability  of  the  variims  melhoiis  of  field  ixalation  to  special    , 
vrpous. — Separate  excitation   is  very   often   used    in  dynamo 
testing.     When  it  i^  desired  lo  obtain  a  voltage  which  fluctuates 
as  little  as  possible  \^ith  changes  of  speed,  separate  excitation  is 
used  in  commercial  installations.  , 

Generators  which  arc  used  for  charging  storage  batteries,  and 
fcneratofs  which  are  used  for  electroplating,  are  liable  to  have 
r  field  (nagncti>^m  reversed  when  tlie  machine  is  stopped  wilh- 
put  disconnecting  it  from  the  external  receiving  circuit.  In  such 
Krvice  tlic  reversal  of  field  magnetism  is  ver>'  much  less  likely  to 
occur  when  the  generator  is  separately  excited.  Therefore  sep- 
arately excited  generators  are  sometimes  used  for  charging  stor- 
age batteries,  and  usually  for  electroplating. 

I>iieci -current  generators  in  central  stations  for  lighting  or 
power  are  nearly  always  setf-cxcitcd,  inasmuch  as  modern  engines 
and  water  wheels  give  very  nearly  con  slant- speed  driving,  and 
therefore  the  use  of  an  auxiliar>  generator  for  supplying  current 
exdting  tlie  field  magnets  of  tlie  main  generators  is  not 
UMially  wananted  by  the  greater  constancy  of  voltage  obtainable 
Alternating  current  generators  are  always  separately 
MCJled,  since  the  alternating  current  delivered  by  an  alter- 
nating current  generator  is  not  suitable  for  field  exxitation,  un- 
t  rectiiicd  by  a  special  commutator  as  in  the  "  composite  field  " 
■Utcmator. 

\Vhen  electric  current  is  to  be  supplied  at  a  constant,  or  approxi- 
tely  coDstaitt,  voltage,  shunt  or  compound  generators  are  used, 
■s  ha*  been  previously  pointed  out  Series  generators  are  not 
1  to  the  deliver)'  of  a  varying  current  at  a  constant  voltage, 
^'hcn  3  cocutant  current  is  to  be  supplied  at  \'arying  voltage, 
s  genctaioni  are  generally  used,  Such  generators  arc  pro- 
J  wttii  special  regulating  dc\'icc3  to  varj'  the  voltage,  s 
I  the  current  output  constant  when  the  resistance  of  the 
J  dicuit  changes. 
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48.  Voltage  regulation  of  generators.  —  A  generator  which  is 
designed  for  supplying  current  at  constant  voltage  is  called  a 
••constant  voltage'*  generator.  Thus  a  shunt  or  compound 
generator  is  called  a  ••  constant  voltage  "  generator,  although  the 
maintenance  of  a  strictly  constant  voltage  by  such  a  machine  is 
accomplished  by  the  manipulation  of  a  field  rheostat  The  range 
of  variation  of  the  terminal  voltage  of  such  a  machine  with  varia- 
tion of  current  output,  when  the  field  rheostat  is  left  wholly 
unchanged,  is  an  important  practical  matter.  The  change  of  volt- 
agi  from  full  load  to  no  load^  expressed  as  a  percentage  of  full  load 
voltage,  is  called  the  ••  7'o/tage  regulation'^  of  the  generator,  speed 
of  driving  and  resistance  of  field  circuit  being  kept  constant. 

Example.  —  The  field  rheostat  of  a  certain  shunt  generator  is 
adjusted  so  that  its  terminal  voltage  is  no  volts  when  it  is 
delivering  its  rated  full  load  current  of  250  amperes.  When  the 
main  switch  is  ojxrned  so  as  to  reduce  the  current  output  to  zero, 
the  terminal  voltage  of  the  generator  is  obser\'ed  to  rise  to  126.5 
volts.     The  regulation  of  this  machine  is  : 

126. :;  —I  10 

-  '  =  o.  I ;  or  I  5  per  cent 

It  is  to  be  noted  that  the  word  regulation  is  applied  to  changes 
of  voltage  inherent  in  tiie  machine  itself,  while  the  word  control 
is  applied  to  changes  of  voltage  due  to  deliberate  adjustments  by 
an  attendant. 

49.  Control  of  voltage  of  shunt  or  compound  generator  by  manip- 
ulation of  field  rheostat.  —  The  **  field  rheostat"  is  the  rheostat 
which  is  in  circuit  with  the  shunt  field  winding,  as  indicated  in 
Fig.  69.  If  for  any  reason  the  voltage  between  the  terminals  of 
the  generator  is  greater  or  less  than  the  desired  value,  resistance 
may  be  added  to  or  taken  from  the  shunt  field  circuit  by  manipu- 
lating the  field  rheostat,  thus  derreasing  or  increasing  the  current 
in  the  shunt  field  winding,  and  thereby  decreasing  or  increasing 
the  field  excitation,  so  as  to  bring  the  terminal  voltage  to  the 

"^lue. 
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Manipulation  of  the  field  rheostat  is  of  course  necessary  in  case 

{  a  shunt  generator,  when  it  is  desired  to  keep  the  terminal  volt- 
age constant  with  varying  current  output.  In  case  of  the  flat- 
compound  generator,  also,  the  terminal  voltage  always  varies  to 
some  extent  with  variation  of  current  output,  and  the  compound 
igenerator  is  therefore  always  provided  witii  a  field  rheostat  in  its 

hunt  field  circuit  so  as  to  enable  an  attendant    to  control  its 
minal  voltage  at  will. 

The  usual  form  of  field  rheostat  consists  of  coils  or  zigzags  of 
wire  or  metal  ribbon  connected  in  series,  and  arranged  with  a 
number  of  contact  points  over  which  a  metal  arm  may  be  moved, 
so  as  to  include  any  desired  portion  of  the  rheostat  in  series  with 
:  field  winding.  The  insulation  of  the  rheostat  is  generally 
made  of  fireproof  material,  such  as  mica  or  asbestos.  Special 
provision  is  made  for  cooling,  either  by  ventilating  or  by  great 
expanse  of  radiating  surface. 

There  is  a  wide  variety  in  the  design  of  commercial  field  rheo- 

tats.  Fig.  70  is  a  general  view  of  a  field  rheostat  manufactured 
by  the  Wirt  Electric  Com[jany,  Part  of  the  front  plate  is  cut 
away  to  show  the  resistance  strips,   EEE.     This  resistance  strip 

i  a  long  ribbon  of  high  resistance  alloy,  coated  on  one  side 
with  fireproof  insulation,  such  as  flake  mica,  and  wound  in  a  long 
IkUx  on  a  mandril  of  flat-ova!  section.  This  flat  helix  is  then 
dipped  oflTlhe  mandril,  and  arranged  in  a  circle  between  two  flat 
circular  plates,  M J.  and  insulated  from  the  plates  by  sheets  of 
F  G.  The  two  plates  are  then  clamped  together  with  con- 
Btdcrable  pressure,  and  a  steel  band  N  is  spun  over  the  outer 
edge  of  the  plates  to  hold  them  together.     The  metal  plates  are 

;eply  ribbed,  front  and  back,  to  facilitate  the  radiation  of  heat, 
Dnc  end  of  the  resistance  helix  is  connected  to  one  of  the  ter- 
minal binding  posts,  shown  at  the  bottom  of  the  figure,  and  the 
jiher  binding  post  connects  to  the   rotating  metal  arm  f7  which 

hakes  contact  with  the  inner  ends  of  the  convolutions  of  the  flat 

Kriix.  The  rheostat  is  connected  in  series  with  the  shunt  field 
innding  of  the  generator  by  wires  attached  to  the  rhedstal  binding 


Ill  the  rheostat  manufactured  by  the  W'ard-l  .winard  Componj'. 
the  Ki^zags  nf  resistance  wire  are  embedded  in  a  thick  layer  ol 
glnxini;  or  cnamc!  on  tlicback  of  a  decpIy-ribbed  cast-irxm  plate. 

60.  Adjustment  of  a  compound  generator. — A  compound  gen* 
eratiir  always  iiaa  a  low  rcsUtancc  shunt,  us\»Ily  made  of  Gcr- 
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silvxr  ribbon,  connected  across  the  terminals  of  its  series 

■Id  win<ling.     By  adjusting  the  resistance  of  this  shunt  once 

)r  all.  any  desired  fractional  part  of  the  current  output  of  the 

:hinc  may  be  made  to  flow  through  the  series  field  winding. 

he  machine  is  rnanufactured  with  a  greater  number  of  turns  of 

■ire  in  its  scries  field  winding  than  are  strictly  necessary,  and  by 

iianging  the  resistance  of  the  above-mentioned  shunt,  the  machine 

be  adjusted  in  the  factorj-  for  flat -compounding,  or  for  any 

desired  degree  of  over-compounding.     This  adjustment  should 

be  made  when  the  machine  is  at  its  normal  running  temperature. 

Fiij-  69  shows  a  compound  generator  (fihort-shunt )  with  the  above- 

mcntioiied  shunt,  5.  between    the  terminals  of  the  series  field 

inding. 

Over-compound  generators  are  used  where  current  is  to  be  de- 
ivcred  to  bnips  or  motors  over  a  long  transmission  line  and  where 
desired  tn  maintain  an  appn)ximately  constant  voltage  at  the 
of  the  lamps  or  motors  in  spile  of  tlic  increa.sed  loss  of 
jectrumative  force  in  the  line  (//«<■  t/ro/<)  with  increase  of  current, 
"(ir  example,  railway  generators  are  usually  over-compounded  so 
»  to  ^tve  50a  volts  at  the  generator  terminals  when  the  current 
lutput  is  zero,  and  550  volts  at  the  generator  terminals  when 
he  current  output  is  at  the  normal  full  load  value.  In  this 
luc  tbc  machine  is  said  to  be  10  per  cent,  over-compounded, 
luch  as  the  full  load  voltage  is  1  to  per  cent,  of  the  no  load 


4 


51.  Brntb  lead.  —  l*'ig.    7 1    represents   a    two-pole    generator 
ith  ring  annaiun:.     The  fine  curved  lines  show  the  trend  of  the 

;Qetic  flu.M  from  the  north  (Kile  of  the  field  magnet  into  the 
mature  core,  and  from  the  amiaturc  core  into  the  soutli  pole  of 
e  field  magnet 

The  turns  of  wire  a.s  they  pa.ss  the  points  a  and  fi.  Fig.  71, 
ive  a;ro  electromotive  force  induced  in  them,  whereas  the  elec- 
fiarcc  induced  tn  the  individual  turns  of  wire  becomes 

iter  and  greater  on  citlier  side  of  the  points  a  and  d  up  to  the 
lie   tips,    and   approxfanately   equal    electromotive   forces   arc 
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induced  in  every  turn  which  is  under  the  pole  faces.  Fig.  72 
is  a  diagram,  similar  to  Fig.  1 S,  in  which  the  circle  represents  the 
endless  circuit  formed  by  the  windings  on  the  ring  armature. 
The  arrows  in  Fig.  72  show  the  directions  of  the  electromotive 


1 


Fig.  71. 

forces  induced  in  the  various  turns  of  wire  on  the  armature,  and 
the  lengths  of  these  arrows  are  intended  to  show  roughly  the 
relative  values  of  these  induced  electromotive  forces. 

Figs.   71    and  72  show  the  state  of  affairs  when  the  current 
in  the  armature  windings  is  small.     When  the  armature  current 


Fig.  72. 


is  large,  the  trend  of  the  magnetic  flux  is  altered  from  that  shown 
in  Fig.  71  to  that  shown  in  Fig.  73,  and  the  electromotive  forces 
in  the  various  turns  are  altered  from  what  is  shown  in  Fig.  72  to 
what  is  shown  in  Fig.  74. 
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'he  line  ^,  Figs.  71,  ^2^  73  and  74,  is  called  the  neutral 
r  of  the  armature.  The  line  connecting  the  brushes  is  called 
axis  of  commutation,*     When  the  brushes  of  a  generator  are 


Fig.  73. 


ed  by  moving  the  rocker  arm,  the  electromotive  force  be- 
m  the  brushes,  as  indicated  by  a  voltmeter,  reaches  a  maxi- 
1  value  when  the  axis  of  commutation  coincides  with  the 


Flf.  74. 

anal  axis.  In  fact  the  whole  of  the  electromotive  force,  E^^, 
:h  is  induced  in  each  half  of  the  armature,  is  available  between 
brushes  when  the  brushes  are  at  the  points  a  and  b.  Figs.  72 

74- 

Fbe  leads  which  connect  the  armature  conductors  to  the  commutator  bars  are 
»ed  to  be  ndklt  for  the  lake  of  simplicity  of  statement.  In  commercial  machines 
nfe  ncftrij  alwAjt  conred  like  segments  of  a  spiral. 


%j  A 
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the  function  of  the  machine  is  changed  from  generator  to  motor, 
so  that  the  mechanical  force  with  which  the  field  acts  upon  the 
armature,  is  reversed  ;  but  the  force  action  opposes  the  motion 
of  the  generator,  and  helps  the  motion  of  the  motor.  There- 
fore since  the  force  action  is  reversed,  the  motion  must  be  in  the 
same  direction,  whether  the  machine  o{>erates  as  generator  or  as 
motor. 

The  scries  dynamo,  with  given  connections  of  field  to  brushes, 
runs  as  a  motor  in  a  direction  opposite  to  that  in  which  the 
machine  must  be  driven  to  enable  it  to  build  up  as  a  gfenerator. 
This  is  evident  from  Figs.  TJ  and  jZ  which  show  that,  with  given 
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M»..  7V.     Sctir*  r.enrrator.  Flj.  78.    S«rie«  Moeor. 

iM)nniiiii>ns  o{  field  to  brushes,  the  relative  direction  of  current 
in  .11  mature  and  in  field  is  the  same,  whether  the  machine  isoper- 
m\\\\\  as  a  ^H'uerator  or  as  a  motor.  Therefore  the  mechanical 
l..it»-  with  which  the  tield  acts  upon  the  armature  is  unchanged 
in  iliintion  when  the  function  of  the  machine  is  changed  from 
^;eiu  latoi  to  motor  ;  but  the  force  action  opposes  the  motion  of 
the  ^•.ener»Uv>r  anil  helps  the  motion  of  the  motor.  Therefore  the 
inotiiHi  must  he  reversed,  smce  the  force  action  is  unchanged. 

/  V/v.  .^v'/  i'^  r.'iK'frftjC' »"'  ''  motor.  —  The  direction  of  running  of 
a  nioioi.  with  i;iven  connections  of  field  winding  to  brushes,  is  the 
s,u\u\  iiies|>ecti\e  v>f  the  vHrection  of  the  current  supplied  to  the 
macliine  Thi^  is  evivlent  when  we  consider  that  the  reversal  of 
tlu'  ^uppJN'  current,  which  is  represented  by  the  heavy  arrows  in 
h'i^s.  7(^  and  fv^.  reverses  the  current  bi-^th  in  the  armature  and 
n  the  field,  and  that  the  reversed  field  of  course  exerts  a  force 
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Upon  the  reversed  armature  currents  in  the  same   direction  as  I 
before,  thus   leaving    tlie  direction  of  rotation  unchanged.     To  I 
reverse  tlie  direction  of  running  of  a  motor  the  connections  must  1 
be  changed  so  that  the  current  through  armature  (or  field)  is 
reversed  white  the  direction  of  the  current  in  the  field  (or  arma- 
ture) remains  unchanged.     This  requires  the  reversal  of  the  arma- 
ture connections,  or  a  reversal  of  the  field  connections,  but  not  of  J 
both. 

89.  Fuodunental  equatioo  of  tbe  motor.  —  Let  £   be  the  etec-  j 
lrT>motive  force  applied  at  the  terminals  of  a  motor.    This  is  called  I 
the    impTttsed  tUctroinotivc  fotxi-.     This   electromotive   force  is  ] 
paitiy  used  to  overcome  tlie  resistance  R^  of  the  armature.     The 
part  so  used  is  eciual  to    RJ^.    where  /,  is  the  current  flowing 
through  the  amialure.     The  remainder  of  the  impressed  electro- 
molive   force   balances   the  electromotive   force,    £,  {=4>^'«) 
which  is  induced  in  the  rotating  armature  by  the  field  flux,  and 
it  is  numerically  equal  thereto.     Therefore  : 

E^  =  4.Z'«  .(-  R^  /,  (23«) 

wind)  f,  is  the  impressed  electromotive  force  acting  on  a 
motiir,  R^  is  the  armature  resistance.*  /^  is  the  current  flow- 
nfi  through  the  armature,  *  is  the  magnetic  flux  entering  the 
atuie  from  one  field  pole,  n  is  the  speed  of  the  motor  in  rcv- 
oluboiu  per  second,  and  Z"  is  written  for  the  factor  pZ  If^  10*. 
(See  Art.  30.) 

Tbe  electromotive  force,  ^Z'n,  which  is  induced  in  the  rotat- 
ing aniMture  of  at  motor,  is  opposite  in  direction  to  the  impressed 
dectromotivc  force.  E^  and  to  the  current,  /.  Therefore  ^Z'h 
called  the  ciMHter  tUttromoth't  force  of  the  motor. 

In  the  generator  the  I'oltage  is  determined  by  the  fundamental 
equations  (21)  and  (22),  inasmuch  as  all  the  other  quantities  in 
these  o:]uation.s  are  fixed  in  value  by  the  conditions  under  which 

*  I*  Ac  Inog-ilmu  oonpmind  moim  die  ccHnbinnl  toitUncc  urnimiilurir  in'l  letlea  I 
eUswI.  JP.-f-  Rt,  ■•  <o  be  utcd  for  A'^.  tl  h  hurdly  iwcnuiy  ui  AinnulMc  the  I 
»T  rtghHy  tffctwil  t>tfc«v>iir  of  Ibc  ihoinhnnt  cDinpound  motor.  I 
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motor  is  that  which  is  expended  in  heating  the  armature  windings 
by  the  armature  current ;  that  is  to  say,  field  loss  and  friction 
losses  are  ignored.  The  total  power  delivered  to  a  motor, 
neglecting  field  loss,  is  equal  to  i:V ,  where  E^  is  the  impressed 
voltage,  and  I^  is  the  current  flowing  through  the  armature. 
Part  of  this  power  is  consumed  in  heating  the  armature  windings, 
and  part  is  used  in  forcing  the  current  through  the  armature  in 
()|)position  to  the  electromotive  force,  E^  which  is  induced  in  the 
armature  windings  by  the  motion  of  the  armature.  This  latter 
part  is  ccjual  to  EJ^  and  it  is,  according  to  Lenz's  law,  all  con- 
v(Mle(l  into  the  mechanical  power  which  turns  the  armature. 

riuTcforc,  ignoring  the  power  used  for  field  excitation,  the  in- 
tiiK<*  of  electrical  power  by  the  motor  is  EJ^\  and,  ignoring  the 
l«»Ns(vs  of  mechanical  power  in  the  motor,  by  bearing  friction,  air 
li  it  tit»n,  and  magnetic  friction,*  the  output  of  mechanical  power  is 
/'.,/,,  .*««>  that  the  approximate  eflSdency  is:  -£^/  -r-£./  or 
/•//.•  1'^'**  expression  for  efficiency,  known  as  Siemens*  law, 
iilw.iN'.  jMvrs  an  overestimate  of  the  efficiency  of  a  motor;  and 
N\  In  n  ,«  iu«>lor  is  running  under  a  small  load  the  ratio  EJE^  may 
Im   m.nix  tinu's  as  i;rcat  as  the  actual  efficiency. 

nn    ronritiuit  voltage  and  constant  current  motor  driving.  —  The 

•  li  •.  w  !  i.»n  ni  \\w  oKvlromagnetic  behavior  of  a  generator,  that  is, 
III.  .Ii  .  n  .'.ion  of"  till*  variation  of  its  voltage  with  its  current  out- 
|Hii  I .  nn|».»-.oMr  uiilrss  the  mechanical  conditions  of  driving  are 
.|.. .  (h.  ,1  In  \M  1.  ronstant  s|H?ed  driving  is  nearly  always  taken 
i.   ill,   Im-i.  I.m  iIu*  disv'ussion  of  generator  characteristics. 

htMhilN     \W  .liss'\isMO!\  of   the  mechanical    behavior  of  a 
III.  I. I    iImI  r  .  \\w  Jis.nssion  of  the  xTiriation  of  its  speed  with  its 

I I  ..ntpdi   .M  \\\\\\    it^  torque,  is  impossible  unless  the  elec- 

iii.  tl  ...n>iiii<'n  ^^  »ln\inj*  arc  s]Hvified.  Usually  the  discussion 
.1  ilii  Mti  Jtnu.  \\  i  haiax  tx  !istiv\s  of  a  motor  is  based  upon  the 
•I    MMi|>h»>n   .iilui  iM  a  %  onstant  voltage  between  the  motor  ter- 

II,.  ,ii,,,    I  ,.t.i\  .iin.n,^  )>..\   hxx«ovo'fcis  in  a  dvnaino  armature  is  to  creates 
li  i|,  <i  III.  It  •  I  t'i-'«  ■   ti««  (u.M.^^it  x\i   :^o  AuiiAiuix*,  x'er}*  much  like  ordinary  mechanical 

hi  i|>  u 
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riiuls  or  of  a  constant  current  flow  through  the  motor.  In 
ractice  motors  arc  aluays  used  under  conditions  wliich  approxi- 
latc  to  constant  voltage  driving ;  constant  current  driving  is 
Bevcf  used.  Therefore,  the  following  discussion  of  the  behavior 
of  motors  is  ba.scd  upon  the  assumption  of  constant,  or  approx- 
imately constant,  voltage  between  the  supply  mains.  In  this 
discussion  the  shunt  motor  is  considered  lirst  and  in  detail ;  the 
compound  motor  is  treated  as  a  modification  of  the  shunt  motor ; 
«nd  the  scries  motor  is  considered  last. 

When  a  motor  is  delivering  mechanical  power,  it  is  said  to  be 
hadtd.  and  its  output  of  mechanical  power  is  called  its  load. 
The  nXcAfuU  load  of  a  motor  is  the  load  for  which  the  armature 
and  field  currents  are  as  large  as  permissible  without  excessive 
ise  of  temperature  in  any  of  the  motor  parts,  or  excessive 
•parking. 

58.  The  shnnt  motor.  —  The  essential  connections  of  a  shunt 
;or  to  constant  voltage  supply  mains  are  shown  in  Fig.  79. 
It  is  to  be  particularly  noted  that  Fig,  79  shows  the  connections  of 
c  motor  aftcTtt  has  been  started  , 
dbroughtuptospced,  Spicia! 
u>nnectiuns  arc  made  at  starting 
19  n-ill  be  ucplaincd  later. 

The  shunt  field  coils  are  cnn- 
Darted   directly  to   the    supply 
1,  usually  without  including 
I  Add  rhwsut,  and  the    field  ''"  " 

»irreni  u  therefore  constant,  so  that  the  only  variation  of  the 
flu.><.  ♦,  is  the  slight  variation  due  to  the  demagnetizing 
of  the  armature  current. 
SkhMt  ma/itr  unlooiieti. —  When  a  motor  is  unloaded  the  torque 
to  drive  it  is  small,  and  therefore  the  armature  current 
1  nnail,  according  M  equation  (25).     Consequently  the  part. 
'./,.    of  the  imprcsiied  voltage  which  is  used  to  overcome  the 
of  the  amuture.  is  ntgligiidy  smalt,  since  botli  /„  and  R, 
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are  small.     Therefore,  neglecting   R^I^,   equation  (23^)  may  be 

written : 

E 
«  =  .'    at  zero  load  (26) 

Inasmuch  as  ^Z' n  is  the  counter  electromotive  force  of  the 
motor,  \vc  see  from  equation  (26)  that  a  shunt  motor  at  zero  load 
runs  at  a  speed  such  as  to  make  its  counter  electromotive  force,  £., 
sensibly  equal  to  the  impressed  electromotive  force,  E^, 

Shunt  motor  loaded.  —  When  a  load  is  thrown  on  a  shunt 
motor  which  has  been  previously  running  at  zero  load,  its  tend- 
ency is  to  lower  the  speed  slightly  and  thereby  to  decrease  the 
counter  electromotive  force,  4>Z';/.  As  the  counter  electromo- 
tive force  decreases,  the  armature  current  increases  according 
to  equation  (23r),  and  the  torque  increases  according  to  equation 
(25),  thus  enabling  the  motor  to  carry  its  load.  The  drop  in 
speed  of  a  shunt  motor,  from  zero  load  to  full  load,  ranges  from 
2  per  cent,  of  zero  load  speed  for  large-sized  motors,  to  10  per 
cent,  or  more  for  small  motors. 

Tcndaicy,  iJi  a  shunt  motor ^  for  the  demagnetizing  action  of  the 
armature  current  to  counteract  the  tendency  of  the  speed  to  decrease 
zi'ith  increase  of  load.  When  a  shunt  motor  is  loaded  it  is  neces- 
sary- for  the  counter  electromotive  force  to  decrease  sufficiendy 
to  permit  enough  current  to  flow  through  the  armature  to  de- 
velop the  torque  required  to  carr>''  the  load.  Now,  if  4>  were 
invariable,  the  necessary  decrease  of  counter  electromotive  force 
could  be  produced  only  by  a  drop  in  speed,  but  as  a  matter  of 
fact  the  flux  4>  is  decreased  slightly  by  the  demagnetizing  ac- 
tion of  the  current  in  the  armature,  and  consequently  the  neces- 
sary decrease  of  counter  electromotive  force  (4>Z';/)  is  brought 
about  in  part  by  this  decrease  of  4>,  and  in  part  by  a  decrease  in 
speed,  so  that  the  actual  decrease  in  speed  is  less  than  it  would 
be  if  4>  were  invariable. 

The  dependence  of  the  speed  of  a  shunt  motor  upon  the  value 
'  the  armature  flux,  *,  is  strikingly  shown  by  the  following  ex- 
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periment.  A  shunt  motor  is  supplied  with  current  from  constant 
voltage  supply  mains  and  runs  at  a  certain  speed,  as  indicated  by 
a  tachometer.  A  slab  of  iron  is  now  laid  across  the  pole  pieces 
so  that  a  considerable  portion  of  the  flux  ^  passes  through  the 
slab,  and  the  armature  flux  is  consequently  reduced.  The  speed 
of  the  motor  immediately  increases  as  indicated  by  the  tachometer. 
This  rise  in  speed  is  due  to  the  fact  that  the  reduction  of  *  re- 
duces the  counter  electromotive  force,  ^Z';/,  of  the  motor.  A 
sudden  increase  of  current  through  the  armature  results,  accord- 
ing to  equation  (23^).  This  increased  current  produces  more 
torque  than  is  required  to  carry  the  load  on  the  motor,  so  that 
the  motor  speeds  up  until  the  increase  of  its  counter  electromotive 
force  reduces  the  current  to  the  value  corresponding  to  the  re- 
quired torque. 

An  interesting  and  important  fact  in  connection  with  a  shunt 
motor  is  that  such  a  motor  runs  at  a  lower  speed  when  first  started 
than  after  it  has  been  running  for  some  time.  This  is  due  to  the 
fact  that  the  rise  of  temperature  of  its  field  coils  increases  their 
resistance,  decreases  the  field  current,  and  decreases  4>.  This 
rise  of  speed  often  amounts  to  as  much  as  5  per  cent,  in  com- 
mercial machines. 

Dependence  of  speed  upon  brush  lead,  —  It  was  pointed  out  in 
Art  5 1  that  the  electromotive  force  between  the  brushes  of  a 
generator  running  at  a  given  speed  with  given  field  excitation,  is 
reduced  in  value  by  shifting  the  brushes  from  the  neutral  axis, 
and  that  the  electromotive  force  is  a  maximum  when  the  brush 
lead  is  zero.  In  the  case  of  a  shunt  motor  supplied  from  con- 
stant voltage  mains,  the  speed  is  a  minimum  when  the  brushes 
are  in  the  neutral  axis,  and  the  effect  of  shifting  the  brushes  either 
forwards  or  backwards,  is  to  increase  the  speed.  This  effect  is 
particularly  noticeable  at  zero  load.  When  the  motor  is  heavily 
loaded  the.  matter  is  greatly  complicated  by  the  magnetizing  or 
demagnetizing  action  of  the  armature  current. 

The  explanation  of  this  variation  of  speed  of  a  shunt  motor 
with  brush  lead  is  as  follows :     When  the  brushes  are  shifted  from 
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the  neutral  axis,  the  net  counter-electromotive  force  bet^-een  the 
brushes  is  decreased,  speed  remaining  unchanged.  As  a  result, 
the  impressed  voltage,  E^,  forces  an  increased  current  through 
the  armature,  thus  producing  an  increased  torque  which  causes 
the  motor  speed  to  increase  until  the  counter-electromotive  force 
reaches  a  value  sufficiently  large  to  reduce  the  current  to  the 
value  required  to  supply  the  necessary  driving  torque. 

57.  Speed  regulation  of  the  shunt  motor.  —  A  motor  which  is 
designed  for  supplying  mechanical  power  at  constant  speed  is 
called  a  "  constant  speed  "  motor.  Thus  a  shunt  motor  is  called 
a  **  constant  speed  "  motor,  although  the  maintenance  of  a  strictly 
constant  speed  by  such  a  motor  can  be  accomplished  only  by  the 
manipulation  of  a  rheostat.  The  range  of  variation  of  speed  of  a 
*'  constant  speed  "  motor  with  change  of  load,  when  the  rheostat 
is  left  wholly  unchanged,  is  an  important  practical  matter.  The 
change  of  speed  from  fill  load  to  no  load  expressed  as  a  percentage 
of  full  load  speed,  is  called  the  "  speed  regulation  "  of  the  motor, 
voltage  of  supply  and  resistance  of  armature  circuit  and  of  field 
circuit  being  kept  constant.  Thus,  if  the  speed  of  a  motor  rises 
from  1,000  revolutions  per  minute  at  full  load  to  1,050  revolutions 
per  minute  at  no  load,  its  speed  regulation  is  5  per  cent. 

It  is  to  be  noted  that  the  word 
regulation  is  applied  to  changes  of 
speed  inherent  in  the  machine  itself, 
while  the  word  control  is  applied  to 
changes  of  speed  due  to  deliberate 
adjustments  by  an  attendant. 

InflHefwe  of  annatnre  resistance 
upon  the  speed  regtdation  of  a  shunt 
motor,  —  When  the  resistance  of 
the  armature  of  a  shunt  motor  is 
large,  or  when  a  considerable  resistance  is  connected  in  series 
with  the  armature  as  shown  in  Fig.  80,  then  the  speed  of  the 
motor  falls  off  greatly  with  increase  of  load.  The  cause  of 
this  great  drop  in  speed  under  load  is  evident  from  equations 


supply  main 
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3$c]  and  (25),     The  very  considerable  current  which  is   neces- 

f  to  develop  torque  sufficient  tn  enable  the  motor  to  carrj-  a   j 
kad,  demands  a  large  value  in  the  numerator  of  equation  (2ic)   I 
when  /i^  is  large,  and  this  large  value  of   (E^  —  ^Z'n)   necessi- 
tates a  great  drop  in  speed  in  order  tliat    ^Z'n    may  be  con- 
•utcrably  less  than  £_.     It  is  to  be  especially  noted,  however,  that 
the  zero  Ii«d  speed  of  a  shunt  motor  is  not  perceptibly  affected 
by  a  moderately  large  value  of  R^,  inasmuch  as  /,  is  very  small    1 
at  zero  load.     It  is  for  this  reason  that  the  speed  of  a  shimt 
tnotor  cannot  be  satisfactorily  controlled  by  inserting  resistance 
lin  series  with  the  armature.    The  difficulty  is  that,  when  the  speed 

s  cut  down  in  this  way  while  the  motor  is   loaded,  the  speed 
increases  greatly  when  more  or  less  of  the  load  is  thrown  ofT 

M.  Speed  control  of  the  shunt  motor.  — The  peculiar  and  valu- 
able prt^pcrbes  of  the  shunt  (and  compound)  motor  are  ;  (u)  that 
it  runs  at  a  definite  speed  at  zero  load,  that  is  to  say,  it  has  no 
'tendency  lo  race  when  the  load  is  thrown  off;  and  (1*)  that  its 
ipeed  drops  but  little  below  zero  load  speed  even  when  the  motor 
%  fully  loaded.  For  many  purposes,  for  example,  in  tlie  driving 
of  lalbcs  b)*  motors,  it  is  desirable  to  run  the  motor  fast  or  slow 
t  wilt.  This  speed  control  is  accomplished  in  the  case  of  the 
■hunt  motor  by  five  different  methods,  as  follows : 

( I )  Armature  rktoUat  meihod.  —  When  the  load  on  a  motor  is 
constant,  its  speed  may  be  controlled  by  inserting  resistance  in 
cries  with  its  armature,  as  c.>q>laincd  in  the  last  article. 
{7)  Field  rkfostat  m.tkod.  —  From  equation  {26)  it  is  at  once 
evident  that  the  zero  load  speed  (and  consequently  the  full  load 
d  to  itcarly  the  same  extent)  may  be  raised  by  decreasing  4*. 
r  l«*wer«d  by  increasing  <!►,     These  changes  of  *  may  be  accom- 
pttxlied  by  means  of  a  rheostat  in  drcuit  with  the  field  winding 
of  the  motor.     By  mcins  of  this  rheostat  the  resistance  of  the   I 
ikuni  fic^d  dfcuit  may  be  raised  or  lowered,  thus  decreasing  or  I 
increasing  the  field  current,  and  thereby  decreasing  or  increas- 
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Tins  method  of  speed  control  is  limited  as  follows :  (^i)  It  is 
not  feasible  to  increase  4>  much  beyond  a  certain  value  on  ac- 
count of  what  is  called  the  magnetic  saturation  of  the  iron 
through  which  this  flux  <I>  passes.  To  increase  4>  to  this  satu- 
ration value  requires  an  excessive  value  of  field  current  and  may 
involve  excessive  heating  of  the  field  magnet  coils.  (^)  When  ♦ 
is  ilecreasctl  more  and  more,  the  operation  of  the  motor  becomes 
unsatisfact(^r)' ;  the  torque  that  can  be  developed  by  the  machine 
[see  equation  (25)]  becomes  very  small  when  4>  is  small,  and 
the  magnetizing  action  of  the  current  in  the  armature  b^'ns  to 
preponderate  i>ver  the  weakened  magnetizing  action  of  the  field 
windings,  and  serious  sparking  at  the  brushes  results.  Experience 
shows  that  the  maximum  practicable  range  of  speed  control  of 
the  shunt  motor  by  means  of  the  field  rheostat  is  about  one  hun- 
dred per  cent.,  that  is,  a  shunt  motor  which  runs  at  speed  n  when 
its  field  magnet  is  near  saturation  (largest  feasible  value  of  4>) 
will  operate  nn^re  or  less  satisfactorily  down  to  a  value  of  4>  equal 
to  about  half  the  saturation  value,  and  the  corresponding  speed 
is  of  ctiurse    J//. 

(0  ^f^tlt^uf  l\v  alttfini!;'  the  rductance  of  tlu  magnetic  circuit, — 
If  the  reluctance  of  the  magnetic  circuit  of  a  shunt  motor  is  in- 
creased, the  flux  <^  is  decreased,  the  field  excitation  being  con- 
stant. The  speed  of  the  motor  will,  therefore,  be  increased  as 
explained  ai)ove.  If  the  increase  of  reluctance  is  produced  by 
widening  the  gap  space,  then  the  sparking  difficulties  which 
usual!}'  accompany  a  decrease  of  <I>  are  largely  obviated  by  the 
increased  width  of  the  gap  space  as  explained  in  Arts,  ^j  and  'j^. 

This  method  of  sjx^ed  control  is  exemplified  by  tlie  "  multi- 
speed  "  motors  of  the  Stow  Manufacturing  Company.  The 
details  of  one  of  these  motors  arc  shown  in  Fig.  %\a  and  a  gen- 
end  view  of  the  s;une  motor  is  shown  in  Fig.  81^.  Each  of  the 
four  field  magnet  cores  in  Fig.  8w/  is  hollow  and  contains  a  solid 
cylindrical  plunger  of  iron  A.  In  motors  of  large  size  the  ends 
of  these  plungers  are  the  central  parts  of  the  pole  faces,  whereas 
in  the  smaller  motors  of  the  Stow  Company  a  thin  shell  of  iron 
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The  withdrawing  of  the  plungers  diverts  the  larger  part  of  the 
reduced  flux  into  the  pole  tips  where  it  is  most  effective  in  the 
prevention  of  sparking,  and  at  the  same  time  interposes  a  greatly 
increased  reluctance  in  the  path  of  the  cross-flux,  CC^  Fig.  io8, 
(4)  Multivoltage  sfecd  control,  —  From  equation  (26)  it  is  evi- 
dent that  the  zero  load  speed  ^and  consequently  the  full  load  speed 
to  nearly  the  same  extent)  may  be  made  high  or  low  by  supplying 
current  to  the  armature  at  high  or  low  voltage  E^,  the  field  flux 
<I>  being  kept  constant.  The  range  of  speed  control  of  a  shunt 
motor  b\*  this  method  is  limited  only  by  the  speed  the  motor 
can   stand    mechanically,  and    by  the  safe   limit  of  impressed 

nrppfr  maim  ^ 


supply  main  B  i 


supply  m»in  C  \  ^^'^ 


Btipply  main  D ]  ^  ^ 

Fig.  82. 

voltage  -£ .  In  carrying  out  this  method  of  speed  control,  cur- 
rent is  supplied  over  a  number  of  mains,  for  example,  A^  B,  C 
and  D,  Fig.  82.  between  which  constant  electromotive  forces  of 
any  chosen  values  are  maintained  by  a  set  of  generators.  The 
field  winding  of  the  shunt  motor  is  permanently  connected  to 
one  pair  of  these  supply  mains,  and  arrangements  are  made,  by 
means  of  a  suitable  **  controller/'  for  easily  and  quickly  connect- 
ing the  motor  armature  to  any  pair  of  mains  at  will. 

This  multivoltage  method  of  speed  control  gives  a  series  of 
distinct  and  widely  separate  speeds.  For  example,  with  the  vol- 
tages indicated  in  Fig.  82  the  available  speeds  would  be  ;/,  2;/ 
and  4;/,  where  ;/  is  the  speed  corresponding  to  -fi^  =  60  volts. 
The  multivoltage  method  is  usually  combined  wnXh  the  field 
rheostat  method,  so  that  by  the  latter  method  the  intermediate 
speeds  may  be  obtained. 

(5)  The  Ward  Leonard  method  of  speed  cofitroL  —  A  wide  range 
of  speed  control  of  a  shunt  motor  by  means  of  a  field  rheostat  can- 
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>t  be  realized,  inasmuch  as  very  low  speeds  cannot  be  reached 
tKiiUNC  of  the  saturation  of  the  iron  parts  of  tlie  motor  as  cx- 
>kuiicd  abo\'e,  and  inasmuch  as  very  high  speeds  are  not  prac- 
icablt;  because  of  the  trouble  from  sparking  when  the  field  exd- 
itioti  of  the  motor  "is  very  small;  the  impressed  voltage  £^  be- 
ig  constant  in  value.  Now,  on  the  other  hand,  a  generator  does 
Dt  tend  to  spark  badly  when  run  at  low  field  excitation,  because 
'hen  tfac  Aeld  excitation  is  low,  tlie  voltage  between  commutator 
Bgmcnts  is  low  also.  Therefore  a  given  generator  may  be  sat- 
j&ctorily  used  to  give  a  range  of  values  of  electromotive  force 
om  zero,  when  its  field  excitation  is  zero,  to  a  maximum  value, 
'hen  its  6cld  magnets  are  saturated.  The  Ward  Leonard 
lethod  of  speed  control  makes  use  of  this  property  of  a  gcn- 
ratoras  follou's:  An  auxiliary  constant  speed  motor  takes  cur- 
fent  from  tlie  supply  mains  and  drives  a  generator,  G,  at  con- 
int  speed.  The  field  winding  of  this  generator,  G,  is  provided 
lith  a  field  rheosut  which  has  a  sufficient  range  of  resistance 
)  change  the  field  excitation  of  the  generator  from  its  full  value 
)  nearly  zero.  The  main  motor,  which  is  to  be  driven  at  varia- 
tc  xpeed,  has  its  field  connected  to  the  supply  mains  so  that  its 
eld  excitation  is  maintained  at  a  constant  value,  while  its  arma- 
ire  »  supplied  witli  current  from  the  generator  G.  With  this 
^^^ment  it  is  practicable  to  supply  the  main  variable  speed 
^^Bith  current  at  any  desired  voluge  from  zero  up  to  the 
^HS  voltage  obtainable  from  the  generator  C  when  the  field 
r  the  latter  is  fully  exdtcd, 

Cmtfiariufi  of  mtlk&tb  of  speed  conlrol.  —  The  armature  rheo- 
EU  method  of  speed  control  is  fairly  satisfactory  when  the  motor 
«d  docs  not  ^-ary  rapidly.  The  disadvantage  of  this  method. 
Me  from  the  great  fluctuation  of  speed  with  load,  is  that  the  use 
fa  rheostat  in  series  with  the  armature  involves  a  very  consider- 
Ue  waste  of  power  due  to  the  PR  loss  in  the  rheostat.  The 
Ivantagc9  of  this  method  are  :  tliat  it  is  simple  and  cheap,  that 
can  be  arranged  to  give  fine  gradations  of  sjxicd  control  by 
ivtng  many  resistance  steps  in  the  rheostat,  and  that  it  permits 
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of  .1  siKcd  control  ranging  from  full  speed  to  zero  speed,  pro- 
vided the  motor  load  is  fairly  constant 

'I'hc  control  of  speed  by  a  field  rheostat  does  not  involve 
much  waste  of  power,  inasmuch  as  the  field  current  is  very 
small  in  comparison  with  the  armature  current  of  a  shunt  motor. 
Additional  advantages  of  this  method  are  :  simplicity  and  cheap- 
ness, the  absence  of  great  fluctuations  of  speed  with  load,  and 
tlie  possibility  of  fine  gradations  of  speed  control  when  a  finely 
subdivided  rheostat  is  used.  The  disadvantage  of  this  method  is 
tliat  it  has  a  limited  range,  as  already  explained. 

Tlie  control  of  speed  by  the  change  of  reluctance  method  pos- 
sesses all  of  the  advantages  of  the  field  rheostat  method  using  a 
\'ery  finely  subdivitled  rheostat,  and  it  saves  the  cost  of  such  a 
rheostat  and  gives  a  wider  range  of  speed  control  because  of  the 
partial  elimination  of  sparking  as  before  explained.  On  the  other 
hand  the  change  of  reluctance  method  requires  a  motor  of  a 
special  and  rather  exj)ensive  design. 

riu*  nuillivoltage  method  of  speed  control  has  the  great  disad- 
vant.ige  that  it  is  expensive,  requiring  as  it  does,  several  genera- 
tors/ an  cl.ii)orate  system  of  wiring,  and  a  complex  controller  for 
eaili  motor.  The  disadvantage  that  it  does  not  provide  for  a  finely 
j4 railed  s\n\'i\  control  is  entirely  overcome  by  combining  with  it 
the  lu'Kl  riK'»>stal  method  for  giving  intermediate  sjXieds,  as  al- 
re.uly  exi)laincd.  The  combined  multivoltage  and  field  rheostat 
system  o(  speed  ct)ntrol  is  extensively  used  in  machine  shops 
r«>r  dming  machine  tools  where  it  is  desired  to  make  arrange- 
ments (luickly  to  drive  the  tool  at  that  speed  which  will  accom- 
plish a  })articiilar  kind  o{  work  in  the  shortest  time. 

The  advantage  of  the  multivoltage  method  over  the  armature 
rheostat  method  of  speed  control  in  securing  a  greater  constancy 
o(  si)eed  under  variations  of  load,  is  well  illustrated  by  the  ex- 
perimental data  in  the  following  table.     These  obser\'ations  were 

*  In  practice  :i  single  main  generator  is  used,  and  this  main  generator  operates  one 
or  more  motor-generator  sets,  technically  calleil  b.alancers,  for  subdividing  the  voltage 
of  the  main  generator,  as  explained  in  the  chapter  on  electrical  distribution. 


c  upon  a  motor -driven  lathe  turning  a  piece  of  steel  3  J  inches 
n  diameter.  The  Bpecd,  which  has  been  reduced  to  a  low  value 
ly  an  armature  rheostat,  rises  from  60.S  to  210  feet  per  minute 
ivhen  ihe  de[>th  of  cut  is  reduced  from  \z  inch  to  zero  ;  whereas, 
irben  Ihc  speed  has  been  reduced  to  the  desired  low  value  by 
Using  £,  =  60  volts  instead  of  £^  =  236  volts,  the  speed  rises 
mly  from  60  to  71  feet  per  minute  when  the  depth  of  cut  is 
"educed  to  zero. 
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(Sptrd  Reduced  to  Dahcd  Vllac  wllli  lb 
Fail  Cm  hr  UtlUR  ■  «<i-VnIi  Supply 


V^-. 

CBt.ta,  Sp.nl 

AniHiun. 

Use. 

48 

5» 

60 

60 

34 

54 

(V> 

66.1 

\i 

60 

66.S 

17 

57 

7> 

Field  cunent  0.82  amp. 


The  Ward  Leonard  system  of  speed  control  is  perhaps  more 
s  than  the  multivottagc  system,  but  it  is  the  most  com- 
ilete  method  of  all,  ginng  as  it  does  a  finely  graded  control  of 
^iccd  from  full  speed  down  to  zero  speed.  This  system  is  used 
n  a  consdcrabic  extent  for  operating  guns  and  turrets  on  war- 
ihips  where  completeness  and  lincncss  of  control  is  of  prime 
importance,  and  where  the  question  of  cost  is  secondary-. 

A  disadvantage  which  is  common  to  all  mctliods  of  sjiecd  con- 
trol of  an  electric  motor,  where  the  motor  is  to  supply  approxi- 
latdy  the  same  amount  of  power  at  alt  speeds,  is  that  the  motor 
lust  be  very  large  to  be  able  to  deliver  the  requisite  amount  of 
nwer  when  it  runs  at  the  lou-cst  speed,  and  that  the  capacJt>-  of 
E  motor  is  not  fully  utilized  ivhcn  it  runs  at  higher  speeds.     A 
Ducb  smalkr  and  cheaper  motor  could  take  the  place  of  the 
argc  mriablc  vpccd  motor,  if  the  small   motor  were  driven  at 
nstant  full  upced.  and  if  the  variations  of  speed  of  the  driven 
ichtnc    weic   accomplished   by   mechanical   means;    and   the 
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smaller  motor  would  run  at  a  higher  efficiency.  The  use  of 
variable  speed  motors  is  justified,  however,  in  many  cases  because 
of  the  great  ease  and  quickness  with  which  speed  changes  can  be 
accomplished. 

59.  The  shunt  motor  starting  rheostat. —  From  equation  (23^)  it 
is  evident  that  an  excessively  large  current,  /,[=  (-£^ —  4>2f'>/)/-SJ 
will  flow  through  the  motor  armature  at  starting  if  the  armature 
terminals  are  connected  directly  to  the  supply  mains,  inasmuch  as 
^Z'n  is  zero  at  starting,  since  n  is  then  zero,  and  the  resistance 
R^  of  the  armature  is  small.  It  is  necessary  to  prevent  this  exces- 
sive flow  of  current  at  starting 
by  connecting  an  auxiliaty 
resistance  in  series  with  the 
motor  armature  (not  in  series 
with  the  field).  While  the 
motor  is  speeding  up,  the  value 
of  ^Zn  increases,  and  the 
current  tending  to  decrease, 
it  is  permissible  to  gradually 
cut  out  the  auxiliary  resistance. 
When  the  motor  has  reached 
nearly  full  speed,  the  auxiliar>' 
resistance  is  wholly  cut  out 
This  auxiliary  resistance,  when  conveniently  arranged  for  being 
put  in  series  with  the  armature  and  slowly  cut  out  as  the  motor 
speeds  up,  is  called  a  starting  rheostat. 

Fig.  83  shows  the  simplest  arrangement  of  a  shunt  motor  with 
a  starting  rheostat,  the  motor  being  connected  to  the  supply  mains 
through  a  double-pole  single-throw  switch.  The  closing  of  this 
switch  connects  the  field  circuit  of  the  motor  to  the  mains,  the 
first  movement  of  the  rheostat  arm  a  connects  the  armature  to  the  ' 
supply  mains  through  the  whole  of  the  starting  resistance  R,  and 
the  continued  movement  of  the  rheostat  arm  slowly  cuts  out 
the  starting  resistance. 


shunt  6cUi  wiadinfi 

0000000" 


armature 


Fig.  83. 
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Starting  rhioslat  tvUh  automatic  oz'trloaii  re/ease  and  deadline  * 
tirasf.  —  The  most  frequent  causes  of  trouble  with  a  shunt  motor 
j«  OS  follows:  (a)  The  motor  may  be  running  normally  when, 
Ibr  some  reason  or  other,  the  supply  of  current  fails,  the  line  wires 
lecoming  "dead."  When  tliis  happens  the  motor  of  course 
w.  but  the  connections  to  the  supply  mains  remain  intact,  with 
dl  of  the  resistance  cut  out  of  the  starting  rheostat.  When  the 
nipply  of  current  is  again  established  under  these  conditions,  an 
neccssivc  amount  of  current  flows  through  the  motor  armature  and 
s  likely  to  be  burned  out.  In  service,  a  motor  should  be  pro- 
tected from  damage  in  tlus  way  by  a  dead  line  release  which  auto- 
natically  tlirows  the  arm  of  tlie  starting  rheostat  back  to  the 
brting  position  when  the  supply  of  current  fails. 

(*)  The  motor  may  be  greatly  overloaded.  When  this  happens 
he  motor  takes  excessive  current  from  the  supply  mains,  and  the 
iwjlormay  be  overheated  or  even  burned  out.  Insenice.  a  motor 
ihmild  be  protected  from  damage  in  this  way  by  an  overload 
relcAse  which  automatically  throws  the  arm  of  the  .starting  rheostat 
\>  the  starting  position  when  an  excessive  current  flows  through 
e  molor  armature. 

The  electrical  connections  of  a  shunt  motor  starting  bo.x  with 

lutonutic  dead  line  release  and  overload  release,  are  shown  in 

Fqj.  84,     The  motor  armature  is  represented  by  A.  and  the  shunt 

kid  winding  by  f.     To  start  the   motor,  the  switch  is  closed, 

I  the  rheostat  ami  C  is  slowly  moved  in  the  direction  of  the 

I  arrow  until  it  reaches  B.     The  first  move  of  the  arm  C 

»  the  «hunt  field  winding  directly  to  the  mains,  and  at  the 

;  It  connects  the  armature  to  the  mains  through  the 

RR.     The  continued  movement  of  the  anii  cuts  the 

e  out  of  llic  armature  circuit     In  the  particular  arninge- 

lent  sibown  tn  Fig.  S4,  the  resistances   RR   arc  left  in  series  with 

•  Thr  aaar  Bpi*"*^  to  Ihli  duTce  by  the  iiunur>ciiirer)  »  Ihc  "  iianlne  rhtomat 
ith  DxrkMd  «ad  nu-lwl  r«lMic."  Thit  nam*  \\  however,  m»1»iling,  iiuumuch  « 
Ih4  b  nlM  Ibe  "  nn-tatd  rcleu*  "  oiwralrit  only  whin  the  line  becomes  duJ,  bnl 
la  aM  Dfvnle  ■hm  the  load  on  the  nioior  I*  rntucnl  to 
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the  field  winding  as  they  are  cut  out  of  the  armature  circuit,  but 
this  has  but  little  effect  upon  the  field  excitation,  inasmuch  as  the 
resistances   RR  are  very  small  in  comparison  with  the  resistance 


ifatet 


aupi^  nutbm 


00000000 


Fig.  84. 


of  the  shunt  field  winding,  and  the  resistances  RR  are  cut  out 
of  the  field  circuit  when  the  arm  C  touches  the  contact  point  B. 

When  the  rheostat  arm  C  is  pushed  to  the  right  in  starting  the 
motor,  it  stretches  a  spring  and  the  rheostat  arm  is  held  in  the 
running  position  by  an  electromagnet,  of  which  the  winding  D  is 
in  scries  with  the  field  winding  F  of  the  motor.  When  the  lines 
become  dead,  current  ceases  to  flow  through  D  and  /%  the  elec- 
tromagnet releases  the  rheostat  arm,  and  the  stretched  spring 
pulls  the  arm  back  to  the  starting  position. 

The  overload  release  is  actuated  by  the  electromagnet  0,  of 
which  the  winding  is  in  series  with  the  motor  armature.  The 
armature  of  this  electromagnet  0  is  held  back  by  a  spring,  the 
tension  of  which  is  so  adjusted  that  the  lever  may  be  moved  by 
a  prescribed  value  of  current  through  0,  When  this  value  of 
current  is  reached,  the  movement  of  the  armature  of  O  actuates 
a  small  switch  s  which  short-circuits  the  winding  D.  This  causes 
the  electromagnet  D  to  lose  its  magnetism,  and  release  the  arm 
C  as  before. 


Fig.  S$a  is  a  general  view  of  one  of 
the  (jcncral  Klectric  Company's  shunt 
knotor  startiiig  rheostats  with  an  auto- 
i:  dead  line  release,  and  Fig.  85^  is 
ft  complete  diagram  of  the  connections 
r  thii  starter  to  a  motor,  and,  through 
I  double  pole  switch  and  two  fuses,  to 
c  supply  mains.  Fig.  85^  shows  the 
rtieostat  arm  in  the  starting  position,  and 
Fig.  85*  shows  the  arm  in  the  running 
position.  To  start  the  motor,  close  tiie 
iwitch.  and  mo^-e  the  rlieostat  arm 
Mowly  to  the  right  until  the  block  of 
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iron  on  the  rheostat  arm 
comes  against  the  retain- 
ing electromagnet,  of 
which  the  winding  is  in 
st'rics  with  the  field  wind- 
ing of  the  motor,  as  shown 
in  Fig.  85A 

Fig.  86  b  a  view  of  one  of  I 
the  General  Electric  Com- 
pany's automatic  double 
relcasc(dead  line  and  over- 
load) starting  rheostats  for 
a  shunt  motor.  The  figure 
shows  the  rheostat  arm 
in  the  starting  jMsition. 
This  starter  is  usually 
connected  to  the  supply 
mains  tlirough  a  double- 
pole  switch  and  two  fuses.  ■ 
To  start  the  motor  the 
switdi  is  closed,  and  tlw  J 
rheostat   arm 
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slowly  to  the  running  position  where  it  is  held  by  the  retaining 
electromagnet  The  connections  of  this  starting  box  are  shomi 
in  F^.  84,  and  the  discussion  of  that 
figure  gives  the  details  of  its  action. 

Precautions  to  be  observed  in  the  op- 
eration of  a  shunt  motor.  —  Alwa}^ 
start  cautiously.  If  the  motor  does 
not  start  promptly  with  the  first  move 
of  the  arm.  it  is  likely  that  the  field 
circuit  is  broken,  or  that  the  load  on 
the  motor  is  excessive.  Do  not  allow 
the  motor  to  run  long  with  the  rheo- 
^'  Stat  arm  not  in  the  running  position, 

as  the  resistance  in  a  starting  rheostat  overheats  if  it  is  left  per- 
manently in  circuit  with  the  armature.  To  stop  the  motor,  open 
the  switch  and  leave  the  starter  arm  to  set  itself  automatically  at 
the  starting  position.  Further  instructions  for  the  operation  of 
generators  and  motors  are  given  in  Chapter  VII. 

60.  The  compound  motor.  —  There  are  two  arrangements  of 

the  compound  motor,  according  to  whether  the  current  in  the 
scries  winding  ofposcs  the  magnetizing  action  of  the  shunt  wind- 
ing, or  helps  it.  The  first  arrangement  is  called  the  differential 
cimiponnd  winding,  and  the  second  arrangement  is  called  the 
cumulative  compound  winding. 

The  differcntiid  compound  motor.  —  When  a  differential  com- 
pound motor  is  loaded,  the  current  through  the  armature  and  the 
series  field  winding  increases,  and,  by  opposing  tlie  magnetizing 
action  of  the  current  in  the  shunt  field  winding,  reduces  the  arma- 
ture flux  "!>,  and  thus  decreases  the  counter  electromotive  force 
4>Z'«,  if  the  speed  n  remains  constant.  If  this  decrease  of  * 
is  just  sufficient  to  give  the  requisite  decrease  of  counter  electro- 
motive force  to  permit  enough  current  to  flow  through  the  arma- 
ture to  enable  the  motor  to  carry  its  load,  then  the  motor  speed 
will  not  fall  off  with  increase  of  load,  at  least  not  until  the  load 
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becomes  excessive.  The  object  of  the  diflerential  compounding 
of  a  motor  is  to  prevent  the  decrease  of  speed  with  increase  of 
load,  or  even  to  cause  an  actual  increase  of  speed  with  increase 
of  load  up  to  full  load.  The  shunt  motor,  however,  runs  at  a 
speed  which  is  nearly  enough  constant  for  most  purposes,  and 
therefore  the  differential  compound  motor  is  seldom  used. 

The  cumulative  compound  motor. — The  speed  of  this  motor 
decreases  very  con.siderably  with  increase  of  load.  Such  a  motor 
'has,  however,  the  great  advantage  that  at  starting,  when  the  cur- 
rent through  the  armature  and  series  field  winding  is  large,  the 
total  field  excitation  is  large  and  hence  the  torque  is  large.  That 
'is  to  say,  the  cumulative  compound  motor  has  a  large  starting 
torque  like  the  series  motor,  as  explained  later. 

At  starting,  when  tlie  current  through  the  armature  and  series 
field  winding  of  this  motor  is  large,  the  total  iiefd  excitation  is 
very  lai^e.  The  advantage  of  this  large  field  excitation  (large  "t) 
at  starting  is  twofold :  {a)  the  torque  is  large  (=  1.41  ^Z' I^  ac- 
wrding  to  equation  25),  and  (i)  the  counter  electromotive  force, 
^Z'n,  is  larger  than  it  would  be  with  a  smaller  value  of  ^. 
The  result  is  («)  that  the  motor  accelerates  more  rapidly,  and  (^) 
that  during  the  time  that  the  motor  is  speeding  up  its  efficiency 
is  greater  than  it  would  be  if  its  counter  electromotive  force  were 
'Smaller  in  value. 

The  cumuladve  compound  motor  has  the  disadvantage  that  its 
running  speed  decreases  \'er\'  considerably  with  increase  of  load, 
on  account  of  tlie  increase  of  4"  produced  by  the  series  field 
winding.  This  disadvantage  may,  however,  be  obviated  by  pro- 
dding a  device  for  automatically  cutting  out  the  series  field 
winding  by  short-circuiting  it  after  the  motor  is  fairly  started. 
The  machine  then  runs  as  a  simple  shunt  motor. 

Cumulative  compound  motors  are  frequently  used  for  operating 
elevators  and  hoists,  rolling  mills,  and  other  machinery  where 
large  starting  torque  is  required,  and  where  constancy  of  speed 
under  variations  of  load  is  not  necessary.  The  advantage  of  the 
cumulative  compound  motor  over  the  series  motor  for  s 
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the  kind  above  specified  <  where  the  load  may  not  be  always  and 
inv.fiarably  connected  to  the  motors  is,  that  the  former  motor 
will  not  sficed  up  indefinitely  {ract)  when  its  load  is  thrown  off. 
'I  he  simple  shunt  motor  may  be  made  to  operate  more  or  less 
like  a  differential  compound  motor  by  giving  the  brushes  a  back- 
ward lead  ^see  Art  5 1 ),  or  like  a  cumulati\'e  compound  motor  by 
^Mvin^;  the  brushes  a  forward  lead.  This  is  due  to  the  fact  that 
with  a  backward  lead  of  the  brushes  of  a  motor,  the  armature  cur- 
rent ^/p|>oscs  the  magnetizing  action  of  the  shunt  field  winding, 
anrl  that  with  a  forward  lead  of  the  brushes,  the  armature  current 
helps  the  magnetizing  action  of  the  shunt  field  winding. 

6L  The  Beries  motor.  —  Series  motors  are  used  (with  constant 
or  afiproximately  constant  voltage  supply  mains)  only  where  the 
motor  load  is  always  and  inseparably  connected  to  the  motor, 
and   where   constancy  of  speed  with  variations  of  load  is  not 

especially  desired.     Thus  series  motors 
•«/»// y man  ^^^  much  uscd  for  driving  fans,  where 

the  fan  is  inseparably  attached  to  the 
.   ..  .  »     s  .  ^  .^-^  ^  motor,  and  for  driving  automobiles  and 

street  cars.     The  necessity  of  having 
the  load  of  a  series  motor  attached  to  it 
inseparably  is  due  to  the  fact  that  if  a 
armature  ^  J  scrics  motor,  connccted  between  con- 

stant  voltage   supply   mains,  were  to 
have  its  load  reduced  more  and  more, 
its  speed  would  rise  indefinitely,  and  tlie 
enormous  centrifugal  forces   would  in 
all  probability  wreck  the  armature. 
■""        Fig.   Sy  shows  the  connections  of  a 
scrics  fan  motor  with  its  starting  rheo- 
st.it.      A{  starting  considerable  resistance  is  connected  in  series 
Willi  I  lie  motor,  and  as  the  motor  speeds  up  this  resistance  is 
slowly  cut  out. 

When  a  street  car  is  operated  by  a  single  series  motor,  the 
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connections  of  the  motor  to  trolley  wire  and  rail  are  essentially  ' 
the  same  as  the  connections  shown  in  Fig.  87,  except  that  pro- 
vision is  made  for  quickly  reversing  the  armature  connections  (or 
the  field  connections)  in  order  to  reverse  tlie  direction  of  running  I 
of  the  motor. 

In  street  car  service,  where  stopping  and  starting  is  frequent,    . 
the  motor  runs  for  a  great  portion  of  the  time  at  low  speed  with 
a  considerable  resistance  in  series  with   it.     Under  these  con- 
ditions most  of  the  energy  supplied  to  tlic  motor  circuit  is  lost  as 
beat  in  the  rheostat,  and  the  efficiency  of  the  motor  is  very  low. 


Socnc  idea  of  the  efBdcncy  may  be  obtained  with  the  help  of 
law.  (See  Art.  54.)  The  approximate  elTicicncj- 
■ti^j/i,  ts  smalt  at  starting,  inasmuch  as  the  counter  ekctro- 
tnotive  force.  E^{=  ^iS'ii),  is  small  when  the  sjjccd  is  small. - 
tiy  luing  two  motors  on  a  car,  and  arranging  to  have  them  con- 
tn  iierict  at  starting,  the  counter  electromotive  force  i 
and  the  efficiency  is  nearly  doubled. 
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The  two  motors  in  series  are  of  course  started  with  resistance 
in  circuit  as  shown  in  Fig.  SS^  and  this  resistance  is  slowly  cut 
out  in  steps  as  the  speed  increases.  When  the  speed  has  reached, 
say,  I  o  miles  per  hour  and  the  resistance  is  all  cut  out,  the  con- 
nections are  quickly  changed  *  to  those  shown  in  Kg.  89.  That 
is,  the  motors  are  quickly  connected  in  parallel  and  the  starting 
resistance  is  connected  in  series  ^^ith  them.  The  speed  then 
continues  to  rise,  and  as  it  rises  the  starting  resistance  is  again 
slowly  cut  out. 

The  use  of  two  series  t  motors  in  this  way  is  called  the  "  series- 
parallel  system  of  control."  All  of  the  successive  connections 
described  above  are  made  in  the  proper  order  by  turning  a  crank 
which  actuates  a  spindle  upon  which  metal  sectors  are  mounted 
as  shown  in  Fig.  90.  This  figure  shows  a  controller  spindle 
with  eleven  sectors  (some  of  which  are  hidden  behind  the  spin- 
dle) and  eleven  contact-fingers  which  touch  the  sectors  when 
the  spindle  is  turned.  The  small  cylinder  at  the  upper  right 
hand  in  the  figure  is  arranged  to  make  the  necessary  changes  of 
connections  of  the  armature  terminals  for  reversing  the  direc- 
tion of  driving  of  the  motors,  by  turning  the  small  lever  at  the 
t(;p.  The  lar^^e  oval  structure  is  an  electromagnet,  one  pole  piece 
of  which  is  spread  out  in  the  region  behind  the  controller  spin- 
dle, and  the  other  pole  piece  is  hinged  to  the  core  of  the  elec- 
tnjmagnct,  '-/o  that  it  may  be  swung  back,  as  shown  in  the  figure, 

*  This  change  of  connections  is  actually  carried  out  in  four  distinct  steps  made  in 
ri\\}'\<\  surcevsion  as  follows:  {a)  Some  resistance  is  reconnected  in  series  with  the 
two  motors,  (d)  One  motor,  No.  2,  Fig.  88,  is  then  short-circuited,  and  this  short-cir- 
cuit c<^n'(itutfrs  a  connection  from  motor  No.  I  to  the  rail,  (r)  The  rail  terminal  of 
motor  No.  2  is  then  disconnected.  (</)  This  terminal  of  motor  No.  2  is  then  connected 
io  th'r  rheostat  terminal  of  motor  No.  I,  giving  the  connection  shown  in  Fig.  89. 
Durmg  operation  (/>)  motor  No.  2  cannot  build  up  as  a  generator,  inasmuch  as  it  is 
ri'nnin^  in  the  wrong  direction. 

t  Sometimes  four  series  motors  are  used  on  one  car.  With  such  a  four-motor 
eijuipinent  it  is  customary  to  connect  the  motors  as  two  units,  each  unit  consisting  of 
two  motors  ptjrmanently  connected  in  parallel.  These  two  units  arc  then  treated  as 
two  single  motors,  and  operated  by  the  series-parallel  controllers  exactly  as  explained 
alx)ve  ;  that  i.s,  at  starting  the  two  units  are  in  series  and  at  full  speed  the  two  units 
arc  in  parallel. 
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Ui  give  access  to  the  controller  spindle  and  contact  fingers.  This 
wmgmg  pole  piece  carries  twelve  plates  of  a  compressed  asbcs- 
insulating  compound  which  scne  as  fire-proof  partitions 
etwcdt  the  various  pairs  of  sectors  and  fingers.  The  object  of 
the  electroma^ct  is  to  *•  blow  out "  the  arcs  which  form  between  ' 
the  scctoni  and  fingers  when  connections  are  broken  by  turning 


Ic,  and  the  asbestos  plates  serve  to  prevent  the  arcs 

Ihtng  from  sector  to  sector  or  from  finger  to  finger.    The 

%  a  whole  is  called  a  srrii's  parallel  controller:     Fig. 

)  show*   a   series-parallel    controller  of  the  General    Kiectric 


Vt%.  91  ithows  a  t}-pical    street  railway  motor.     The  motor, 
r  and  all,  is  enclosed  in  a  steel  case  to  protect  it  from 


124 


ELEMENTS   OF   ELECTRICAL   ENGINEERING. 


motor,  curve  ^  is  a  speed-power  characteristic  of  a  differential 
compound  motor,  and  curve  C  is  a  speed-power  characteristic  of 
a  cumulative  compound  motor. 

{b)  The  series  motor,  —  Fig.  93  shows  a  speed-torque  char- 
acteristic of  a  series  motor.  This  curve  shows  the  enormous 
rise  in  speed  at  light  loads  (very  small  torques). 


ft400 


1600 


800 


2d         SO         75         100        125 
Torque  in%  of  fall  rated  torque 

Fig.  93. 

The  characteristics  of  street  railway  motors,  as  usually  plotted, 
are  as  follows :  (a)  The  speed-current  curve  in  which  the  ordi- 
nates  represent  the  speed  of  the  car  in  miles  per  hour,  instead  of 
the  speed  of  the  motor  armature  in  revolutions  per  minute ;  and 
(^d)  the  tractive-effort-current  curve  in  which  the  ordinates  repre- 
sent the  net  tractive  effort  in  pounds  weight  exerted,  instead  of 
the  torque  in  pound-inches  developed  by  the  motor  armature. 
Such  characteristic  curves  involve  the  gear  ratio  of  the  motor, 
and  the  diameter  of  the  drive  wheels  on  the  car. 

The  curve  marked  "miles  per  hour"  in  Fig.  94  is  a  speed- 
current  curve  of  a  2  5 -horse  power  Westinghouse  railway  motor, 
and  the  curve  marked  "  tractive-effort  33-inch  wheel  "  is  the  trac- 
tive-effort-current curve  of  the  .same  motor  under  the  following 
conditions  :  The  electromotive  force  between  trolley  wire  and 
rail  is  500  volts,  and  the  motor  is  connected  between  the  trolley 
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ind  the  rail  without  any  rheostat  in  its  drcuit.     Of  course            H 
)  of  these  motors  are  used  in  parallel  without  any  resistance            H 
rted  in  scries  with  them,  the  total  tractive  effort  will  be            ■ 
as  great  at  a  given  sficed  as  that  shown  in  Fig.  94.                          H 
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■jm^ied  from  constant  voltage  mains,  as  shown  in  Fig.  c 

3. 
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can  be  explained  as  follows :  When  the  motor  speed  is  small,  the 
counter-electromotive  force  developed  in  the  armature  is  small, 
so  that  a  large  current  flows  through  the  series  field  winding  and 
through  the  armature.  Therefore  the  field  excitation  is  large, 
the  flux  4>  is  large,  and  the  torque  is  large  according  to  equation 
(25).  As  the  speed  increases,  the  torque  falls  off  on  account  of 
decrease  of  current  due  to  increase  of  counter-electromotive 
force,  and  on  account  of  the  decrease  of  4>  due  to  the  decrease 
of  current.  If  the  torque  required  to  turn  the  armature  is  small, 
as  it  is  when  the  load  on  the  motor  is  zero,  then  the  motor  speed 
will  increase  greatly. 

There  is  in  the  case  of  the  series  motor,  no  well- defined  zero- 
load  speed  as  there  is  in  the  case  of  the  shunt  motor.  Any 
motor  at  zero-load  approaches  that  speed  for  which  its  counter- 
electromotive  force,  <t>Z'//,  is  equal  to  the  electromotive  force 
of  supply.  A  motor  at  zero-load  approaches  this  limiting  speed 
more  and  more  nearly  the  smaller  the  resistance  of  its  arma- 
ture, or,  for  a  given  armature  resistance,  the  smaller  its  power 
losses.  In  the  shunt  motor  the  armature  flux  <I>  is  nearly  con- 
stant irrespective  of  speed  and  of  load,  and  therefore  a  perfectly 
definite  speed  (the  zero-load  speed)  gives  a  counter-electromotive 
force  equal  to  the  electromotive  force  of  supply.  In  the  series 
motor,  on  the  other  hand,  the  armature  flux  <I>  approaches  zero 
with  decrease  of  load  on  account  of  the  decrease  of  current 
with  decrease  of  load,  so  that  an  indefinitely  high  speed  would 
be  necessary  at  zero  load,  to  make  4>  Z* n  equal  to  E  the  electro- 
motive force  of  supply. 


CHAPTER   V. 

POWER   LOSSES   IN   GENERATORS  AND   MOTORS. 

EFFICIENCY. 

63.  Motor  and  generator  losses.  —  The  losses  of  power  in  a 
generator  or  in  a  motor  are  :  the  field  loss  F,  the  armature  loss 
A,  and  the  stray  power  loss  5.  The  field  loss  is  due  to  the 
heat  generated  in  the  field  windings  by  the  field  current,  that  is, 
no  power  is  required  to  excite  the  field  magnet  except  the  power 
used  to  overcome  the  resistance  of  the  field  winding.  The  arma- 
ture loss,  as  here  defined,  is  due  to  the  heat  generated  by  the 
armature  current  in  the  brushes,  in  the  brush  contacts,  and  in  the 
armature  windings.  Field  and  armature  losses  can  be  accurately 
calculated  as  explained  below.  The  stray  power  loss  includes 
eddy  current  and  hysteresis  losses,  chiefly  in  the  armature  core. 
and  losses  due  to  friction  in  the  bearings  and  at  the  brushes,  and 
to  air  friction.  Stray  power  loss  cannot  be  accurately  calculated 
from  any  simple  data.  This  loss  is  usually  determined  by 
experiment 

(a)  Field  loss.  —  A  certain  amount  of  power  is  consumed  in 
maintaining  the  field  current  of  a  dynamo.  All  this  power  goes 
to  heat  the  field  coils  in  accordance  with  Joule's  law,  that  is,  no 
power  would  be  consumed  in  field  excitation  if  it  were  possible 
to  make  the  field  windings  of  a  material  having  zero  resistance. 
The  field  loss  in  watts  may  be  calculated  by  means  of  the  follow- 
ing equations. 

( l)  For  a  shunt  dynamo. 

F~  EJ,  {27h) 

>r 
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F=  ^-  {27c) 

in  which  R^  is  the  resistance  of  the  shunt  winding  including  the 
field  rheostat,  /  is  the  current  in  the  shunt  winding,  and  £^  is 
the  electromotive  force  between  the  terminals  of  the  machine. 
The  resistance  of  the  shunt  winding  increases  considerably  after 
the  machine  is  started,  on  account  of  rise  of  temperature.  In 
calculating  field  loss,  the  resistance  of  the  winding  at  the  steady 
running  temperature  of  the  machine  should  be  used ;  this  is  fre- 
quently called  the  /lot  rcsistaficc,  for  brevity. 

The  field  loss  of  a  shunt  dynamo  (generator  or  motor)  is  ap- 
proximately constant.  Thus  the  field  winding  of  a  shunt  motor 
is  usually  connected  directly  to  the  constant  voltage  mains,  and, 
after  the  steady  running  temperature  has  been  reached,  the  field 
loss  is  strictly  constant  whatever  the  load  on  the  motor  may  be. 
On  the  other  hand,  the  terminal  voltage  of  a  shunt  generator 
varies  more  or  less  with  its  current  output  and,  inasmuch  as  the 
field  winding  is  connected  across  the  terminals  of  the  machine, 
the  field  current,  and  therefore  the  field  loss  also,  vary  slightly. 
When  the  terminal  voltage  of  a  shunt  generator  is  kept  constant 
with  increase  of  current  output  by  the  manipulation  of  a  field 
rheostat,  the  field  current  and  also  the  field  loss  change  consid- 
erably. 

(2)  For  a  compound  dynamo  : 

F=RP  +  RP  (28) 

in  which  R^  and  /  have  the  same  significance  as  in  equation 
(27^),  R^  is  the  resistance  of  the  series  field  winding,  and  /^  is 
the  current  in  the  series  field  winding. 

In  applying  equation  (28)  to  **  long  shunt*'  or  *' short-shunt" 
compound  dynamos,  careful  attention  must  be  given  to  the  diagram 
of  connections  to  insure  that  the  values  of  /^  and  /.  are  cor- 
rectly derived  from  such  data  as  may  be  given. 

(3)  For  a  scries  dynamo  equation  (28)  may  be  used  by  dropping 
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the  term  RJ^.  The  field  loss  of  a  series  dynamo  (generator  or 
motor)  varies  greatly  with  the  load. 

{b)  Armature  loss.  —  The  power  losses  in  the  armature  of  a 
dynamo  include  the  losses  in  the  armature  core  due  to  eddy 
currents  and  hysteresis.  These  core  losses  are,  however,  usu- 
ally included  under  the  term  "stray  power"  loss.  By  armature 
loss  is  here  meant  simply  the  power  which  is  consumed  in  the 
armature  windings  in  accordance  with  Joule's  law,  together  with 
the  power  lost  at  the  brushes  on  account  of  contact  resistance. 
The  armature  loss  in  watts  may  be  calculated  from  the  equation  : 

^ = K^:  (29) 

in  which  R^  is  the  resistance  of  the  armature  from  positive  to 
negative  brushes ;  R^  includes  the  resistance  (hot)  of  the  arma- 
ture windings,  the  contact  resistances  of  the  brushes,  and  the 
resistances  of  the  brushes  themselves ;  and  /  is  the  total  cur- 
rent  leaving  the  armature  at  the  positive  brushes,  or  entering  the 
armature  at  the  negative  brushes. 

Armature  loss  varies  greatly  with  the  current  output  of  the 
generator,  and  with  the  amount  of  load  on  a  motor. 

{c)  Stray  poiuer  loss.  —  This  term  includes  all  losses  *  which 
cannot  be  satisfactorily  calculated  from  simple  data.  These 
losses  are  — 

(i)  Eddy  current  and  hysteresis  losses,  chiefly  in  the  armature 
core,  due  to  reversals  of  magnetization  as  the  armature  rotates. 
Considerable  eddy  current  loss  may  occur  in  the  massive  copper 
conductors  of  a  bar -wound  armature  is  explained  in  Art.  ^2. 

(2)  Friction  losses  in  the  bearings  and  at  the  brushes,  and 

(3)  Air  friction  loss,  or  windage,  as  it  is  called,  due  to  the  fan- 
like action  of  the  rotating  armature. 

The.se  losses  cannot  be  separately  measured  with  accuracy. 
The  stray  power  loss  which  is  the  sum  of  these  losses  can,  how- 
ever, be  quite  accurately  determined  for  a  given  machine  by  an 
experimental  test 

*Tbat  is,  «]]  losses  except   /H^  losses. 
9 
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When  a  dynamo  runs  at  constant  speed  with  constant  field 
excitation,  the  stray  power  loss  is  approximately  constant,  irre- 
spective of  the  current  output  of  the  machine  if  it  is  acting  as  a 
generator,  and  irrespective  of  the  load  on  the  machine  if  it  is  act- 
ing as  a  motor.  Therefore  the  stray  power  loss  of  a  shunt 
generator  driven  at  constant  speed  or  of  a  shunt  motor  supplied 
from  constant  voltage  mains,  is  approximately  constant  irrespec- 
tive of  the  load  on  the  machine.  The  stray  power  loss  of  a  series 
generator  or  motor  varies  greatly  with  its  load. 

It  is  often  desired  to  find  the  stray  power  5",  in  a  dynamo 
(generator  or  motor),  when  run  at  such  speed  and  field  excita- 
tion as  to  give  an  armature  voltage  E/^'  ^  having  given  the  experi- 
mentally determined  value  5'  of  the  stray  power  loss  of  the 
dynamo  when  run  at  such  speed  and  field  e.xcitation  as  to  give  an 
armature  voltage  E^l ,  Now  the  various  component  parts  of  the 
stray  power  loss  are  ver>'  different  functions  of  field  excitation 
and  speed,  and  the  dependence  of  5  upon  field  excitation  and 
speed  cannot  be  accurately  represented  by  any  simple  formula. 
Vox  small  variations  of  field  excitation  and  sf)eed.  however,  it  is 
sufficiently  exact  to  assume  that  the  stray  power  loss  is  propor- 
tional to  the  electromotive  force  induced  in  the  armature,  from 
which  we  obtain  the  equation  : 


E 


n 


S"  =  S'    ?j  (30) 

64.  Experimental  determination  of   stray  power  loss.  —  The 

stray  power  loss  of  a  dynamo  cannot  be  satisfactorily  calculated 
from  any  casih'  t)btainablc  data.  The  simplest  method  for  detc^ 
mining  the  stra>'  power  loss  of  a  dynamo  at  a  prescribed  speed 
and  prescribed  decree  of  field  excitation,  is  to  observe  the  power 
P  rccjuircd  to  drive  the  th'namo  as  a  motor,  without  any  load,  at 
the  j)rescribetl  speetl,  and  with  its  field  excited  to  the  prescribed 
deforce.  This  power  P  exceeds  the  stray  power  loss  5  by  a 
very  small  amount,  which  can  be  calculated  as  explained 
below. 
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The  prescribed  degree  of  field  excitation  may  be  specified  in  4 
three  different  ways :  (a)  In  terms  of  the  current  tliat  is  to  be  used  1 
in  the  field  winding ;  (6)  in  terms  of  the  voltage  tdat  is  to  be  | 
applied  to  the  terminals  of  the  field  winding  ;  or  [c)  in  terms  of 
the  electromotive  force  that  is  to  be  generated  in  the  armature  at  ' 
the  prescribed  speed. 

Let  us  consider,  for  example,  a  shunt  dynamo  of  which  the 
stray  power  loss  is  to  be  determined  at  a  speed  of.  say,  1 ,000 
revolutions  per  minute  with  its  field  excited  by  applying  an  elec- 
tromotive force  of  1 10  volts  to  the  terminals  of  the  field  winding. 

Let  the  machine  be  separately  excited  by  connecting  its  field 
winding  to  i  lO-volt  supply  mains,  and  let  current  be  supplied  to 
the  armature  through  an  ammeter  and  an  adjustable  resistance. 
By  adjusting  this  resistance  the  machine  is  made  to  run  as  a 
motor  at  zero  load  at  the  prescribed  speed.  The  armature  cur- 
rent, /_.  is  then  read  off  the  ammeter,  and  the  voltage  £  is  read 
off  a  voltmeter  connected  between  the  brushes. 

Inasmuch  as  the  machine  is  driven  as  a  motor  without  load, 
all  of  the  power,  A/,,  which  is  delivered  to  the  armature,  is 
used  to  supply  the  stray  power  loss  S.  and  the  armature  loss 
Ji  /\    so  that 

S  =  E/^-RJ*     . 

This  gives  the  stray  power  loss  under  the  prescribed  conditions 
as  to  field  excitation  and  speed.  The  stray  power  loss  at  full 
load  (slightly  diflbrent  value  of  /:„  from  that  which  obtains  at  zero 
load)  may  be  approximately  calculated  from  the  above  value  of 
S  by  using  equation  (30), 

Example. —  A  given  dynamo,  rated  as  a  loo-volt,  jo-ampere 
generator,  when  driven  at  a  speed  of  1,200  revolutions  per  minute, 
is  tested  for  stray  power  loss  as  follows  :  The  field  is  separately 
excited  by  being  connected  to  1  lO-volt  mains  in  series  with  an 
adjustable  rheostat.  The  armature  terminals  are  connected  to  the  ] 
I  ro-volt  mains  also,  through  an  ammeter  and  an  adjustable  rheo- 
stat, and  the  machine  starts,  running  as  a  motor.     i\  voltmeter  ] 
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is  connected  to  the  armature  terminals,  and  the  two  rheostats  are 
adjusted  until  the  machine  runs  at  1,200  revolutions  per  minute, 
and  shows  an  electromotive  force  of  100  volts  betu'een  the 
brushes.  The  ammeter  then  shows  that  2.4  amperes  is  flowing 
through  the  armature.  The  resistance  of  the  armature  (hot)  is 
found  by  measurement  to  b^  0.25  ohm. 

From  these  data  the  power  P  delivered  to  the  armature  is 
found  to  be  /*  =  2.4  amp.  x  1 00  volts  =  240  watts,  and  the  arma- 
ture loss  corresponding  to  the  current  of  2.4  amperes  is  (2.4  amp.)'X 
0.25  ohm  =  1.44  watts,  so  that  the  stray  power  loss  under  the 
condition  of  the  test  is  240  watts  —  1.44  watts,  or  238.56  watts. 
A  slight  correction  to  this  result  may  be  applied  to  find  the  value 
of  5,  corresponding  to  a  speed  of  i  ,200  revolutions  per  minute  and 
E^  equal  to  100  volts,  as  follows :  Under  the  conditions  of  the 
test,  100  volts  =  /s  =  £  +  /?„/ ,  where  -^^  =  0.25  ohm  and 
/^  =  2.4  amperes,  so  that  E^  of  the  test  is  equal  to  99.4  volts. 
Therefore,  according  to  equation  (30),  the  value  of  5",  corres- 
ponding to    Zi^^  =  100  volts,   is  approximately 

100 
238.56  watts  X  -        =  239.8  watts 
^    ^  99.4        ^^ 

If  it  were  desired  to  find  from  the  above  test  the  approximate 

vahie  of  .V  for  a  speed  of  1,100  revolutions  per  minute  and  a 

field    ex'citation    which    gives  with  this  speed    £^=105   volts, 

equation  (30)  would  give 

105 
5  =  238. 56  watts  X  -—-  =  251.8  watts 
^    ^  99-4 

65.  Efficiency  of  a  Generator. — The  efficiency  of  a  generator  is 
defincil  as  tlic  ratio  :  output  of  power  divided  by  intake  of  power. 
This  ratio  is  sometimes  called  the  true  efficiency  or  the  comincr- 
cial  clTicicncy  to  avoid  confusing  it  with  the  two  partial  efficien- 
cies defined  later. 

Calculation  of  true  efficiency, — When  the  stray  power  loss  of  a 
dynamo  has  been  determined  for  a  given  speed  and  a  given  volt- 
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;,  it  is  easy  to  calculate  the  true  efficiency  of  the  dynamo  for  - 

specified  output  of  power  as  a  generator  at  the  given  speed  and  I 

voltage,  the  resistances  of  the  various  windings  of  the  dynamo  j 

being  known.     This  calculation  is  based  upon  the  equation  ] 

„  .  power  output 

cinciency  = —, I 

power  output  +  losses  i 

It  is  much  more  instructive  to  discuss  this  matter  of  efficiency  " 
calculation  by  means  of  se\eral  typical  numerical  examples,  than 
by  deriving  a  general  formula. 

Exampit  t.  The  iliunt  generator.  —  Given  a  shunt  generator 
which  delivers  50  amperes  of  current  at  1 10  volts  between  its 
Icrmiiiiils.  It  is  required  to  calculate  the  eflicit;ncy  of  the  gen- 
erator under  these  conditions  having  given  the  following  data: 

J?,  —  44  ohms  (hot)  including  the  portion  of  the  field  rheostat 
which  must  be  in  circuit  to  bring  the  voltage  between 
the  terminals  of  the  machine  to  the  specified  value. 

^.=-0.14  ohm  (hot). 

Stray  power  loss  at  given  speed  and  voltage  =  700  watts. 

Solution : 

(a)  Power  output  s=  1 10  volts  X  50  amperes  =  5.500  watts 
(*)   Field  loss         =  /?.  X  Q'j  »  275  watts  1 

(r)  Armature  loss-^  ^a  (  5°  +  ^'  I  =  3^^  \\-a\Xs 

(>0  Efficiency        -     ; — -'^°°  h^, =  0.801  ( 

^'  '  5.500  +  275  +  386+700 

Rxamptt  J.      Thf  eompmtnd generalor  (long-shunt),  — Given  a 

«M^-shunt  compound  generator  which  delivers  50  amperes  of   1 

:urTcnt  at  1 10  volu  between  its  terminals.     It  is  required  to  cal- 

c  the  efSdeocy  of  the  generator  uiidcr  these  conditions  hav- 

ng  given  the  foUiMring  data  :  I 
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/?,  =  5  5  ohms  (hot) 

R^  =  0.02  ohm  (hot) 

/?^=  o.  14  ohm  (hot) 

Stray  power  loss  at  given  speed  and  voltage  »  700  watts. 
Solution  : 

(a)  Power  output    =110  volts  x  50  amperes  =  5,500  watts 
(6)  Shunt  field  loss  =  ^,  x  (  d'i  =  220  watts 

(c)  Series  field  loss  =  R^S^  +  A)^  ="  54-  ^  watts 
{d)  Armature  loss  =  RJ^SO  +  I^  =379  watts 

le)  Efficiency  = . ^^^ ; =0.803 

^^  5»Soo+ 220+ 54.1+ 379  + 700 

Example  j.  The  compound  generator  (short-shunt).  —  Given  a 
short-shunt  compound  generator  which  delivers  50  amperes  of 
current  at  no  volts  between  its  terminals.  It  is  required  to  cal- 
culate the  efficiency  of  the  generator  under  these  conditions,  hav- 
ing given  the  following  data  : 

i?^  =  5  5  ohms  (hot) 
R^  =  0.02  ohm  (hot) 
R^=  o.  1 4  ohm  (hot) 

Stray  power  loss  at  given  speed  and  voltage  =  700  watts. 
Solution  : 
{a)  Power  output    =110  volts  x  50  amperes  =  5,500  watts 
{/;)  Shunt  field  loss  =  RJ^  =224  watts 

\E  =^  E  +  R  /  =  1 11  volts  so  that    /  =  2.018 
amperes] 
(c)  Series  field  loss  =  R/^-  =50  watts 
{(i)  Armature  loss    =  R„/^^  =  379  watts 

(e)   Efficiency  = — ; =0.803 

^^  ^  5.500  +  224  +  50  +  379  +  700 

Ejcaviple  ^.  The  scries  generator,  —  Given  a  series  generator 
which  delivers  50  amperes  of  current  at   1 10  volts  between  its 
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iminals.      It  is  required  to  calculate  its  efficiency  under  tliese 
Unditions,  ha%-ing  given  the  following  data : 

^^  =0.12  ohm  (hot) 

^^  =  o.  I S  ohm  (hot) 

Stray  power  loss  at  given  speed  and  voltage  =  700  watts. 

Solution : 

'{a)  Power  output    =  50  amperes  x  i  lo  volts  =  5.500  watts 

(*)  Scries  field  loss  =  /i//  =  300  watts 

ic)  Annalure  loss  =.RJ*z^  ^jt,  watts 

S.^00 
{JS  Eflfidency  = — — -  -      -       —  =  o.Soo 

*■  '  '  5-500+300  +  375  +  700 

46.  EtBdeBcy  of  converaioo  and  electrical  efficiency  of  a  genera- 
r,^  The  total  mechanical  power  expended  in  driving  the  arma- 
c  of  »  goicrator  is  used:  (a)  to  supply  the  stray  power  loss  .9, 
t  is,  to  overcome  the  opposition  to  the  rotation  of  the  arma- 
c  due  to  friction,  ivindage.  eddy  currents,  and  hysteresis  ;  and 
)  to  overcome  tlic  opposition  to  the  rotation  of  the  armature 
c  to  tbe  action  of  the  field  magnet  on  the  armature  conductors 
1  account  of  the  current  flowing  in  them.  Tlie  portion  [b)  of 
e  tolal  power  is,  according  to  Lenz's  law,  equal  to  the  total 
BCtrical  power  £,/,,  developed  in  the  armature.  The  ratio  of 
;  tn4ai  electrical  power.  £,/„.  developed  in  the  armature  lo 
r  total  mechanical  power  supplied  to  the  armature,  is  called  the 
f  ^  cottrmioH  of  the  generati>r.  From  the  above  dtscus- 
a  the  total  mechanical  jwwer  delivered  to  the  armature  is  evi- 
Ddy  (£,/.  +  5),    so  that 

,-«  .  r  EJ.  ■     , 

Emcicncy  of  conversion  =  „  /  x~c  '■■3 '' 

portion,  A,  of  the  total  electrical  power  developed  in  the 

of  a  generator  is  used  to  overcome  armature  resistance, 

/•',  is  expended  in  field  excitation,  and  the  remainder 

A  —  F   is  delivered  as  useful  power  to  the  external  re- 
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cei\irg  drcuit.  The  ratio  of  the  useful  electrical  power  delivered 
b\-  a  i;er.er3L:or.  :o  rhe  total  electrical  power  developed  in  the 
armature,   is  called   the  c'/«v;y,*-<i/  tJMtmcy*  of  the   generator. 

That  is 

E  I  —  4  --  F      E  T 
Electrical  effidenc>-  =  -"-p  r =  g/  (32) 

The  \-a'ue5  of  A  and  F  may  be  calculated  with  the  help  of 
equations  v-f  '•  » -^  ■  ^^*i  *  ^  *- 

The  product  of  the  tAvo  partial  efficiencies  is  equal  to  the  true 
or  commercial  efficienc\-.  That  is,  the  efficienc>'  of  conversion  is 
the  fraction  of  the  total  mechanical  power  which  is  converted  into 
electrical  p^^wer.  and  the  electrical  efficienc>'  is  the  fractional  part 
of  the  latter  which  is  delivered  to  the  recei\-ing  circuit 

67.  Variation  of  the  efELdency  of  shunt  and  compound  generators 
with  power  output.  — The  shunt  held  loss  and  the  stray  power  loss 
of  a  siiunt  or  compound  t^enerator  driven  at  constant  speed  areap- 
i^ioxiir.att  ly  constant  On  the  other  hand,  the  armature  loss  plus 
the  series  ricld  loss  is  nearly  proportional  to  the  square  of  the  cur- 
rcr.t  output.  Tlie  emciencv  of  the  jrenerator  is  therefore  verv 
sir.a*.'.  u  l:c:i  the  power  output  is  small,  inasmuch  as  the  constant 
Iv^^scs,  :\i:r.cly  siiunt  r.eld  loss  and  stray  pi^wer  loss,  are  then  large 
as  o»^:v.:\irc«.i  witii  tiie  power  output  The  effidency  of  the  gener- 
atv^r  i:^.crca>cs  with  increase  o\  output  passes  through  a  maximum 
va!i:o  for  a  certain  out]>ut,  and  then  with  further  increase  of  out- 
|n:t.  the  cfncicncy  decreases  because  of  the  rapid  increase  of  arma- 

Ihc  ctncicncies  o\  a  shunt  or  compound  generator  may  be 
v'alcr.laUHi  tor  a  scries  of  assigned  values  of  power  output  by  the 
nu  thoJ  explained  in  Art.  6^,  and  a  cur\-e  may  then  be  plotted 
showiiii:  power  outputs  as  abscissas,  and  efficiencies  as  ordinates. 
.'^iK'h  a  curve  is  called  the  fmvV/.vj' cur\e  of  the  generator.  Effi- 
V icncy  curves  are  frevjuently  plotted  showing  effidencies  as  ordi- 
nates, ami  current  outputs  in  amperes  as  absdssas. 

^tiinos  caDeii  the  economic  coefficient  of  a  generator. 
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The  full  line  curve  in  Fig.  95  is  a  typical  efficiency  curve  of  a 

lunt  generator.     The  efficiency  curve  of  a  compound  generator 

very  similar  in  fomi  to  the  efficiency  curve  of  the  shunt  gener- 

or.      A  generator    is  usually  designed  to  give  its  maximum 

dfidcncy  at  its  rated  full  load  output.     The  ordinate  of  the  hori- 

al  dotted  curve  represents  the  approximately  constant  loss  due 

to  stray  power  and    R/,^    loss  in  the  shunt  field  winding.     The 

ordinaiesortlie  cun'ed  dotted  line,  measured  from  the  horizontal 

doUcd  line,  represent  the   I^,yj   loss  in  the  armature. 
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The  maximum  efficiency  of  a  shunt  or  compound  generator 

run«  for  that  {larticular  current  output  for  which  the  sum  of  the 

nriablc  losses  (series  field  loss  und  armature  loss)  is  equal  to  the 

1  of  the  constant  losses  (shunt  field  loss  and  stray  power  loss), 

e  oin>liin[  Tusks,  laid  Ifi  ^,  lie  thr  tcrmifuU  vnll. 
'  Ihr  ukt  of  simplicity  lei  ut  uiuue  /,  =  /,  ^  /,  and  lei 
current  bj"  /.     This  asiuniption  k  apprDiimalely  Inie.  in»>- 

u  tl>«  liumi  6«lil  ruTTTiil  it  amall  at  compansl  with  thecutreni  oaiput.  eicept 

tbt  nmnt  nutpat  U  *«;  unall.      Then  we  have  : 


£./. 


Waaa  ^(ff.  +  jr.)  /'  =  X/:    when 
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Therefore : 

Efficiency 


EJ-\-  RI*  -f-  Z 


Differentiating  this  expression  with  respect  to  /,  assuming  L  to  be  constant,  and 
placing  the  differential  coefficient  equal  to  zero,  we  find  : 

which  shows  that  the  efficiency  is  a  maximum  when  the  sum  of  armature  and  series 
field  losses  is  equal  to  the  sum  of  shunt  field  and  stray  power  losses. 

The  efficiency  of  a  series  generator  is  also  zero  at  zero  current 
output,  it  increases  with  increase  of  current  output,  reaches  a 
maximum,  and  falls  off*  with  further  increase  of  current  output. 

The  efficiency  of  a  generator  depends  also  upon  its  size.  A 
generator  of  one  or  two  kilowatts  rated  capacity  would  have  an 
efficiency  of  about  65  per  cent,  at  best,  while  very  large  generators 
have  efficiencies  as  high  as  95  per  cent.,  or  even  higher. 

68.  Efficiency  of  a  motor.  — The  efficiency  of|a  motor  is  defined 
as  the  ratio  :  output  of  power  divided  by  intake  of  power.  This 
ratio  is  sometimes  called  the  true  efficiency  or  the  commercial 
efficiency  to  avoid  confusing  it  with  the  two  partial  efficiencies 
defined  later. 

Calculation  of  true  efficiency,  —  When  the  stray  power  loss  of 
a  dynamo  has  been  determined  for  a  given  speed  and  voltage,  it 
is  easy  to  calculate  the  efficiency  of  the  dynamo  when  operating 
as  a  motor  at  the  given  speed  and  voltage,  and  supplied  with  a 
specified  intake  *  of  electrical  power  ;  the  resistances  of  the  vari- 
ous windings  of  the  dynamo  being  known. 

This  calculation  is  based  upon  the  equation  : 

^  .  power  intake  —  losses 

efficiency  =  .      , 

power  mtake 

It  is  more  instructive  to  discuss  this  matter  of  efficiency  calcu- 
lation by  means  of  several  typical  examples  than  by  deriving  a 
general  formula. 

*  The  calculation  of  the  efficiency  of  a  motor  for  a  specified  output  of  power  is 
more  complicated  than  for  a  specified  intake  of  power  or  current. 
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Example  /.  Shunt  motor, — A  given  shunt  motor  is  supplied 
"With  50  amperes  of  current  from  no-volt  mains,  and  it  is  re- 
quired to  calculate  the  efficiency  of  the  motor,  having  given  the 
following  data  : 

i?^  ss  44  ohms  (  hot ), 

i?.  a»  o.  14  ohm  (  hot), 

Stray  power  loss  =  700  watts  at  the  given  voltage  and  speed. 

Solution  : 

{a)  Power  intake  =  1 10  volts  x  50  amp.=s  5,500  watts. 

ip)  Shunt  field  loss  =  ^.(  7?  )  ™  ^75  watts. 

/        Ey 

(r)  Armature  loss  =-'?«(  5^""1?')  =3^^  watts. 

/v\  T^oi  '             5.500  -  275  —  3 16  -  700  , 

(^  Efficiency  =  ^  ^ ^^^^^  -=0765. 

Example  2,  Compound  motor  {long-shunt),  —  A  given  com- 
pound motor  is  supplied  with  50  amperes  of  current  from  1 10- 
volt  mains,  and  it  is  required  to  calculate  the  efficiency  of  the 
motor,  having  given  the  following  data : 

^^  =  55  ohms  (hot), 

R^  ss  0.078  ohm  (hot), 

R^  =s  0.09  ohm  ( hot). 

Stray  power  loss  =  700  watts  at  given  voltage  and  speed. 

Solution  : 

(a)    Power   intake  =  1 10  volts  x  50  amperes  =  5,500  watts. 

f  E  y 

{b)  Shunt  field  loss  =  /?  I  >,'  J  =  220.0  watts. 

(r)   Series  field  loss  ^  ^As^^  j^)   =  '79-7  watts. 

{d)  Armature  loss  =  /?^f  50  —     '  j  =  207.4  watts. 

(0  Efficiency -5^500- 220-  .797  -  307,4- 700_  ^^^^ 
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Example  j.  Compound  motor  {skort-skumt).  —  A  gh'en  com- 
pound motor  is  supplied  with  50  amperes  of  current  from  iio- 
volt  mains,  and  it  is  required  to  calculate  the  efiicienc}' of  the 
motor,  having  given  the  following  data  : 

A',  «  5  5  ohms  (hot), 

A*^  >i  0.078  ohm  (hot), 

A^  —  0.09  ohm  (hot), 

Stray  power  loss  =  700  watts  at  given  voltage  and  speed 

Sohition  : 

(a)  Power  intake  =  1 10  volts  x  50  amperes  =  5,500  watts. 

(/')  Scries  field  loss  =  0.078  x  (50  amp.)*  =  195  watts. 

{i)  Shunt  field  loss  =  ^^  x  (     '^  p ^  )  =  ^04-7  ^^'atts. 

(//)  Armature  loss  =  /?„(  50 '~~~p^~^]  ^  ^^^  ^'^^' 

/  V  I  iv  •              5,500—195  —  204.7  —  208  —  700  ^ 

(i)  I'Jhcicncy  =  ^^ ^ ^  ^ '       =  0.762. 

5,500 

hxatnph'  ./.  St'rif'S  motor,  —  A  given  series  motor  takes  50 
aMipric's  of  current  with  an  electromotive  force  of  iio  volts  be- 
twrrn  its  tcTuiinals.  Under  these  conditions  the  motor  has  a 
ilrlinjir  sju-fd  and  a  definite  stray  power  loss.  It  is  required  to 
<.il«  nl.itc  the  c-flicicncy  of  the  motor  under  the  given  conditions, 
li.uini;  };i\cn  llu*  following  data: 

A*     -  ().!.!  ohm  (hot). 

A'^    -  ().  I  5  ohm  (hot), 

Sti.iN'  |)n\vi'r  loss  =  700  watts  at  the  given  speed  and  voltage. 

.*^>nluli(in  : 

(./)  Pn\M  r  intake  =  1 10  volts  x  50  amp.  =  5,500  watts. 

(/')  Sriirs  fu-lii  loss  =  R^  X  (50)*  =  3OO  wattS. 

(< )  Ari'i.ilurc  loss  =  A'^^  x  (50)"  =  375  watts. 

/  /i  I  «r  •  S. 500—  300— 375  —  700      ^  ^^ 

{if)  r.llituMU'v  ~  •'  -^  -^  -^^ ± — f —  =0.7C. 

5.500 

It  is  important  to  remember  that  the  stray  power  loss  of  a 
.series  motor  varies  greatly  with  the  load  on  the  motor,  or  in 
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her  wi>rd«.  with  the  intake  of  current  by  the  motor,  ;uid  that 
c  stray  iK)Wcr  Inss  varies  also  witli  the  speed. 

68.  Efficiency  of  conversion  and  mechanical  efficiency  of  s  motor. 
-The  total  electrical  power,  EJ^.  delivered  to  a  motor  is  used  : 
t)  lo  supply  the  power  lost  in  heating  the  field  windings,  and  to 
q>p1y  the  armature  loss,  fij^\  and  {b)  to  force  the  current 
>ugh  Uic  armature  in  opposition  to  tlie  induced  electromotive 
e  E_f  The  part  (*)  is  equal  to  EJ^  and,  according  to 
cnz's  law.  it  is  all  converted  into  the  actual  mechanical  power 
llich  supplies  ihe  stray  power  loss  and  the  useful  power  deliv- 
id  al  the  pulley.  The  ratio  of  the  mechanical  power.  £„/,, 
sloped  in  the  armature  to  the  total  electrical  power,  £,/,, 
iivcrcd  to  the  motor,  is  called  the  e^iittcy  <y  roHVtrsion  of  the 
That  is: 


Efficiency  of  conversion  = 


£  L 


(33) 


A  portkin  S  of  the  total  mechanical  power  developed  in  tlic 
annature  is  used  to  overcome  bearing  friction,  air  friction, 
d  magnetic  friction, and  the  remainder,  [£„/  —  .5],  is  delivered 
the  nKitor  pulley  as  useful  power.  The  ratio  of  tlie  useful 
n*xr  dcli%'cn;d  by  a  motor,  to  the  total  mechanical  power 
vclopcd  in  the  motor  armature,  is  called  the  tturiiaitUa/  (]fi>  tency 
the  motor.     That  is 

El-S 


\fechanical  efficiency  = 


E.t. 


(34) 


The  actual  nr  commercial  efficiency  of  a  motor  is  cqu.al  lo  the 
Dduct  of  its  crflicicncy  of  conversion  and  its  mechanical  efficiency. 
isniDch  astlic  efficiency  of  conversion  is  the  fractional  part  of 
c  delivered  electrical  power  which  is  converted  into  mechanical 
mvT,  and  the  mechanical  efficiency  is  the  fractional  pari  of  this 
bal  mechanical  power  which  is  available  at  the  motor  pulle>'. 

TO.  VarUdoB  of  the  efficiency  of  shunt  and  compound  motors 
kh  toad.  —  The  shunt  field  loss  and  the  stray  powi-r  Kiss --f  a 


142 


ELEMENTS  OF   ELECTRICAL   ENGINEERING. 


shunt  or  compound  motor  supplied  with  current  from  constant 
voltage  mains,  are  nearly  constant  On  the  other  hand,  the 
armature  loss  plus  the  series  field  loss  is  nearly  proportional  to 
the  square  of  the  current  intake  of  the  motor.  The  efficienc)'  of 
the  motor  is  therefore  very  small  when  the  load  is  small,  inas- 
much as  the  constant  losses,  namely,  field  loss  and  stray  povftr 
loss,  are  then  a  large  part  of  the  motor  intake.  The  eflSciencj' 
of  the  motor  increases  with  increase  of  load,  passes  through  a 
maximum  value  for  a  certain  definite  load,  and  then,  with  further 
increase  of  load,  the  efficiency  decreases  because  of  the  rapid  in- 
crease of  armature  loss. 

The  efficiencies  of  a  shunt  motor  or  a  compound  motor  may 
l)e  calculated  for  a  series  of  assigned  values  of  current  or  power 
intake,  and  from  these  data  a  curve  may  be  derived  showing  the 
relation  between  power  output  and  efficiency.     Fig.  96  shows  a 


Power  out  pat  in  %  of  fuU  rated  load 


J5  5J  73  iOO  as 

V\^.  9b.     Kflicicncy  Curve  of  a  Shunt  Motor. 

i\  i.i,  .\\  riVu  iiMu\-  curve  of  a  shunt  motor.  The  efficiency  cune 
,,l  ,x  »Mm;»oiinii  motor  is  very  similar  to  the  efficiency  cur\'e  0! 
.,     IniMl  moloi  shiuvn  in  Vi^j^.  96. 

Mil  n|»i»ii  lUiAcsin  Fig.  94  show  the  efficiency  of  a  street 
i.iihs.tN  inottM  .a  various  loads  (current  intakes).  A  street  rail- 
^.iv  iiifloi   i'.  lun  (or  a  great  portion  of  the  time  at  about  i  full 
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I,  and  such  a  motor  is  therefore  designed  to  give  its  maximum 
dency  at  about  |  full  rated  load,  as  shown  in  Fig.  94.  When 
is  to  be  used  most  of  the  time  at  full  load,  it  is  always 
to  give  its  maximum  efficiency  at  or  near  full  load. 
The  maximum  efficiency  of  a  shunt  motor  (in  which  the  stray 
it  loss  is  approximately  constant)  occurs  for  that  particular 
for  which  the  armature  loss,  A'_/_',  is  equal  to  the  constant 
namely  stray  power  loss  plus  field  loss.  The  proof  of  this 
ition  is  vcr}'  similar  to  the  proof  of  the  corresponding 
ipositioii  concerning  the  efficiency  of  a  shunt  generator  {see 

The  cffidency  of  a  motor  depends  also  upon  its  size.     Thus  a 

/  tsmall  motor  of  J -horse  power  may  have  an  efficiency  under 

bc»t  conditions  of  about  60  per  cent,  while  a  20-  or  30-horse 

motnr  may  have  an  efficiency  of  go  per  cent,  or  more. 


71.  Tbe  ttse  of  the  separately  excited  motor  as  a  dyDamometer. 
One  of  t!)e  most  convenient  methods  for  detemiining  the 
lount  of  mechanical  power  required  to  drive  a  machine  of  any 
id.  is  to  drive  the  given  machine  by  a  separately  excited  motor, 
osure  the  electrical  input  of  power  to  the  armature  of  the 
(tor,  and  subtract  from  this  observed  input  die  stray  power 
s  and  the  armature  loss  in  the  motor,  thus  finding  the  net 
chanical  power  delivered  to  the  given  machine. 
Bjcamf^r.  —  The  power  required  to  drive  a  certain  ventilating 

is  tH  be  determined.  .  With  this  end  in  view,  the  fan  is  belted 
a  5hunt  motor.  The  field  winding  of  tiic  motor  is  connected 
the  1  lO'Vult  supjily  mains.  The  armature  of  the  motor  is  also 
tnectcd  to  the  supply  mains  with  an  ammeter  and  a  rheostat  in 
tea  with  it     The  rheostat  is  adjusted  until  the  fan  is  driven  at 

desired  speed  when  the  armature  current  is  observed  to  be 
4  amperes,  and  the  electromotive  force  between  the  brushes,  as 
asurcd  by  a  voltmeter,  is  ob.scrveti  lo  be  92.5  volts. 
The  belt  ti  then  thron-n  off,  a  much  larger  resistance  is  placed 
with  the  armature,  and  this  resistance  is  adjusted  until 
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ri«f  :xi«:c:r  ^L-^xii  is  cite  saoae  as  before.     The  ammeter  reading  is 

r:e!!    :cs<!r-.ei  i^  be  0.S5  ampere,  and  the  electromotive  force 

rcrvecr  rie  "msae*  is  obseni-ed  to  be  91.6  volts.     The  resistance 

.:t.c  :r rK  irTi4ir-ire.  as  determined  by  separate  measurements, is 

I     r.'Cil  rcwer  delivered  to  motor  armature  to  drive  the  6n 

=s  ^^5  volts  X  i6>4  amp.  =  1.5 17  watts. 
•    5cr:iy   rvwer   loss  =  91.6   volts  x  0.85    amp.  —  0.4  ohm 

X    :-. 55  imp.  *  aK  77.6  watts. 
.     Ar:ruir-r^  loss  when  motor  is  dri\'ing  the   fan  =  0.4  ohm 

X     :  7.4  amp.  )*  ^  107.6  watts. 
i    M  .vhomoil  power  delh-ered  to  the  &n  =  1,517  watts  —  JJ.f^ 

•Ains  —  107.6  watts  »  1.335  watts. 


i 
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RATINGS  AND  GUARANTEES. 


72.  DjrDamo  speeds.  — The  capacity  (power  output)  of  a  given 
trtl  dynaimi.  whether  it  is  to  be  used  as  a  generator  or  as  a 
Mor,  (lepoiids  upon  the  speed  at  which  the  machine  is  to  be 
n.  R'luglily  sjjeaking  the  capacity  of  a  dynamo  is  proportional 
its  speed.  Thus,  a  given  sized  dynamo  might  be  rated  as  a 
hhorse  |>ow-er  motor  or  a   15 -horse  power   motor  according 

wbeUier  it  is  to  be  run  at  a  speed  of  1,000  revolutions  per 
inute  or  at  a  speed  of  1,500  revolutions  per  minute;  and  aii- 
licr  dynamo  might  bi;  rated  as  a  so-kilowatt  generator  or  as  a 
-kilowatt  generator  according  to  whether  it  is  to  be  driven 
a  speed  of  500  revolutions  per  minute  or  at  a  speed  of  750 
irolutions  per  minute. 

It  is  of  prime  importance  in  making  a  fair  comparison  of  prices, 
im  diflcrcnt  manufacturers,  on  generators  or  motors  of  a  given 
bed  output,  to  consider  the  speeds  at  which  the  machines  are  to 

driven.  One  manufacturer  may  very  properly  charge,  for  a 
■gc,  slow-speed  machine,  a  higher  price  than  that  charged  by 
manufacturer  for  a   small,   high-speed   machine  of  the 

ic  rated  output 
The  speed  at  which  a  dynamo  may  be  driven  depends  partly 

n  mechanical  conditions,  such  as  completeness  of  balance  of 

rotating  part,  strength  of  tlic  rotating  part  to  withstand  the 

wes  due  to  rotation,  and  satisfactory  running  of  the  bearings 
brushes ;  and  if  a  d>'7iamo  is  to  be  directly  connected  to  an 

ine  jut  a  generator,  or  to  a  printing  press  or  otlier  machine  as 
motor,  the  speed  at  which  the  d)'nanio  must  nm  is  fixed  by  the 

of  the  machine  to  which  it  is  to  be  connected. 
The  speed  at  which  a  dynamo  may  be  driven  depends  also  t 
roe  extent  upon  electromagnetic  conditions  as  follows  : 

'« 
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A  shunt  dynamo  has  an  inherently  proper  speed.  Thus  a 
shunt  generator  should  be  driven  at  that  speed  which  will  de- 
velop sufficient  electromotive  force  in  the  armature  to  produce 
enough  current  through  the  shunt  field  winding  to  magnetize  the 
field  magnet  nearly  to  saturation.  If  a  shunt  generator  is  driven 
at  a  speed  much  lower  than  this,  its  field  excitation  will  be  low, 
and  its  maximum  permissible  output  of  power  will  be  consid- 
erably less  than  it  would  be  if  its  field  winding  were  redesigned 
to  give  full  field  excitation  at  this  reduced  speed. 

A  shunt  motor  should  have  its  field  winding  connected  to 
supply  mains  giving  the  proper  electromotive  force  to  fully  excite 
its  field  magnet,  and  under  these  conditions  the  armature  when 
connected  to  the  same  supply  mains,  will  run  at  a  certain  definite 
speed. 

A  scries  dynamo  does  not  have  an  inherently  proper  speed. 
Thus,  a  series  generator  may  be  driven  at  any  desired  speed,  and. 
if  the  receiving  circuit  has  a  suitable  resistance,  the  full  rated 
current  will  be  delivered  by  the  machine,  its  field  will  be  fully 
excited,  and  the  electromagnetic  action  of  the  machine  will  be  at 
its  best.  Driven  at  high  speed  a  series  generator  will  develop  a 
high  electromotive  force,  and  driven  at  low  speed  the  machine 
will  develop  a  low  electromotive  force,  when  the  current  is  at  its 
full  load  value. 

A  series  motor  does  not  have  an  inherently  proper  speed. 
Such  a  motor  may  be  run  at  full  current  intake  (and  consequently 
at  full  field  excitation)  at  any  speed,  although,  of  course,  a  high 
electromotive  force  will  be  needed  to  drive  the  machine  at  hitjh 
speed  with  full  current  intake. 

Correlation  of  speed  and  voltage  ratings  of  shunt  dynamos,  — 
From  what  has  been  said  above,  it  is  evident  tliat  a  given  dynamo, 
even  a  given  shunt  dynamo,  may  be  run  more  or  less  satisfactorily 
at  a  speed  very  considerably  above  or  below  the  rated  speed  of  the 
machine,  but  the  use  in  commercial  work  of  certain  widely  sepa- 
rated standard  voltages  of  supply,  1 10  volts,  220  volts,  and  500 
volts,  leads  to  very  definite  speed  ratings  of  generators  and  motors. 
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Thus  a  motor  which  has  a  field  winding  designed  to  give  full 
field  excitation  from  220-volt  mains,  and  an  annature  that  is  well 
enough  insulated  to  withstand  a  220-volt  supply,  and  strong 
enough  mechanically  to  run  at  the  speed  given  by  a  220-volt 
supply,  will  run  at  a  definite  speed,  say  1,200  revolutions  per 
minute,  under  these  conditions.  Such  a  motor  would  be  rated  as 
a  220-volt  motor  at  a  speed  of  1,200  revolutions  per  minute,  and 
although  it  would  hardly  be  permissible  to  run  this  motor  from 
or  soo-volt  mains,  still  the  motor  would  perhaps  run  satis- 
factorily from,  say,  250-volt  mains  at  a  speed,  say,  of  i.350revo- 
lutions  per  minute.  A  shunt  dynamo  has  a  fairly  definite,  in- 
herently proper  speed,  which  fact,  taken  in  conjunction  with  the 
widely  separate  standard  voltages  used  in  practice,  limits  a  shunt 
machine  (generator  or  motor)  to  a  certain  very  definite  speed. 

73.  Limitation  of  output  of  a  dynamo  as  a  generatoi  01  as  a 
motor.  — The  output  of  a  motor  or  generator  is  limited  in  practice 
by  three  distinct  things  :  (n)  By  overheating  and  consequent 
destruction  of  the  insulating  materials  used  in  the  construction  of 
the  machine ;  (<*)  by  excessive  sparking  at  the  brushes  and  the 
consequent  rapid  wear,  unsadsfactory  running,  and  excessive 
heating  of  the  commutator  ;  and  (r)  by  excessive  drop  in  voltage 
of  a  generator  or  excessive  drop  in  speed  of  a  motor,  at  excessive 
loads.  That  is  to  say,  a  dynamo  is  rated  for  that  load  for  which 
it  neither  heats  nor  sparks  excessively,  and  for  which  neither  its 
voltage,  if  it  is  to  be  used  as  a  "constant  voltage"  generator, 
nor  its  speed,  if  it  is  to  be  used  as  a  "constant  .speed"  motor, 
.falls  off  more  than  a  certain  small  amount.  Heating  rather  than 
sparking  is  the  thing  that  usually  limils  the  output  of  a  machine, 
especially  in  the  case  of  completely  enclosed  machines  like  the 
enclosed  motors  shown  in  Figs.  60  and  gi  ;  while  closeness  of 
reflation  (voltage  regulation  in  case  of  a  generator  and  speed 
rc^ulatk>n  in  case  of  a  motor)  .sets  a  limit  to  the  permissible  rating 
of  a  machine  only  in  rare  special  cases  where  very  close  regula- 

1  is  demanded. 
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Estimation  of  ratings  from  dimensions  and  speed.  —  It  is  often 
important  to  be  able  to  make  an  approximate  estimate  of  the 
proper  rating  of  a  machine  from  its  specified  speed,  and  its  dimen- 
sions ;  for  example  in  the  purchase  of  machines  which  are  not 
fully  guaranteed,  such  as  second-hand  machines.  There  is  of 
course  a  considerable  difference  between  the  legitimate  ratings  of 
well  designed  and  poorly  designed  machines  of  the  same  size,  so 
that  no  accurate  general  rule  can  be  given  for  finding  ratings. 
The  following  formula  is  as  good,  perhaps,  as  can  be  devised. : 

P  =  kld^n 

in  which  /  is  the  gross  length  of  the  armature  core  in  inches,  d 
is  the  extcnial  diameter  of  the  armature  core  in  inches,  n  is  the 
specil  in  revolutions  per  minute,  Pis  the  power  rating  of  a  motor 
in  horse-power,  or  of  a  generator  in  kilowatts,  and  k  is  a  factor 
the  approximate  values  of  which  are  as  follows:  For  motors, to 
tjiv  0  /'  in  horse-power,  /'  ranges  from  about  O.CXXXD2  for  a  5  horse- 
power motor  to  about  0.00004  for  a  50  horse-power  motor.  The 
i.itini'  of  an  enclosed  motor  is  about  65  per  cent,  of  that  of  an  open 
motor  kA  the  same  size  and  speed.  For  generators,  to  give  P  in 
kilowatts.  /•  rani^es  from  about  0.000015  for  a  5  kilowatt  genera- 
toi.  ti^  about  0.000030  for  a  50  kilowatt  generator,  to  about 
tM»iHU>;/  fi^r  a  JcX')  kilowatt  generator.  Ratings  obtained  from 
ih,  ahove  etjuation  may  very  properly  be  slightly  increased  or 
,1. ,  irasrti  ai\orilin<;  to  a  general  estimate  of  the  degree  of  per- 
I, ,  lint)  ol  »ie>ii;n  of  a  given  machine. 

74.  Heating.  —The  ultimate  steady  running  temperature  of 
,iii\  nail  "I  .1  ii\namo  is  the  temperature  at  which  the  part  gives 
..(I  h.  at  il>\  lailiation,  convection  and  conduction)  to  its  surround- 
in,  .r.  la.t  as  heat  is  generated  in  the  part  by  friction,  by  eddy 
,  Mill  III  .  an»l  lusteresis,  or  by  the  heating  effect  of  the  electric 
.  Hill  lit  I  Ih'.  ultimate  steady  running  temperature  is  not  reached 
In  I.  .1  liiiu'  than  from  .six  to  eighteen  hours  of  steady  running 
iiH'l*  I    lull    l'».«d,  aeeording  to  the  size  of  the  machine.     Small 
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machines  require  a  short  time,  and  large  machines  a  long  time,  to 
reach  this  ultimate  temperature. 

On  account  of  the  time  required  for  a  dynamo  to  reach  its  final 
steady  running  temperature,  it  is  evident  that  a  machine  may  be 
run  for  a  short  time  under  excessive  load  without  causing  undue 
rise  of  temperature. 

The  rated  capacity  of  a  machine  which  is  intended  for  continu- 
ous service  is  always  based  upon  ulti'male  steady  running  tem- 
perature, and  operating  engineers  usually  exact  from  the  manu- 
facturers a  definite  short  period  over-load  guarantee,  for  example, 
a  50-per  cent  over-load  for  one  hour,  or  a  25-per  cent,  over-load 
for  three  hours,  without  exceeding  a  prescribed  rise  of  temperature. 

The  rated  capacity  of  a  machine  which  is  intended  for  a  specific 
kind  of  intermittent  service  may  properly  be  based  upon  a  short 
period  run.  Thus  street  car  motors  are  usually  rated  on  the 
basis  of  a  one-hour  run,  and  a  street  railway  motor  rated  at  as- 
horse  power  would  overheat  if  it  were  operated  for  much  more 
than  one  hour  at  full  load. 

It  is  of  prime  importance  in  making  a  fair  comparison  of  prices 
from  different  manufacturers  on  generators  or  motors  of  a  given 
raring,  to  consider  this  time  element  which  should  always  be 
specified  by  the  manufacturer.  One  manufacturer  may  very 
properly  charge  for  a  large  machine  which  will  give  1 00  kilowatts 
output  steadily  {or  say  125  kilowatts  for  three  hours)  a  higher 
price  than  that  charged  by  another  manufacturer  for  a  generator 
which  he  rates  at  100  kilowatts,  if  the  second  manufacturer  bases 
his  rating  on  a  three-hour  run  at  full  load. 


76.  The  heat  run.  —  Inasmuch  as  dynamo  ratings  and  overload 
[  guarantees  are  usually  based  upon  rise  of  temperature  of  the 
I  machine,  it  is  evidently  important  to  check  these  guarantees  by 
■  actual  test.     This  test  is  called  the  /u-at  run. 

Temperatures  of  armature  and  field  windings,  as  specified  in 
■fating  and  overload  guarantees,  arc  understood  to  be  calculated 
■fKMn  the  measured  resistances,  cold  and  hot,  of  these  windings. 
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The  temperature  of  a  machine  part,  other  than  windings,  is  under- 
stood to  be  its  surface  temperature  as  indicated  by  a  thermometer 
of  which  the  bulb  is  laid  flat  against  the  part  and  covered  by  a 
small  wad  of  clean,  dry  cotton  waste.  A  lai^e  wad  of  ii'aste 
woukl  interfere  too  much  with  the  free  cooling  of  the  part  under 
tost. 

The  heat  run  is  made  by  operating  the  machine  under  full  load 
conditions  for  the  specified  time,  or  until  a  constant  running  tem- 
perature has  been  reached.  The  machine  is  then  shut  down,  and 
the  tcmpcnitures  of  the  various  parts  are  determined  by  ther- 
mometers as  above  explained.  Also  the  "  hot  '*  resistances  of  the 
various  wintlings  are  measured,  from  which  the  mean  tempera- 
tures of  the  windinj^s  may  be  calculated,  the  resistances  at  room 
tcin|)crature  having  been  measured  beforehand. 

Important  practical  points  concerning  this  heat  test  are  given 
in  Art.  79. 

The  c»)mmutator  and  brushes  may  be  safely  run  at  a  much 
lu'^hcr  temperature  than  the  armature  and  field  magnet  windings. 
This  is  because  the  mica  insulation  of  the  commutator  is  nearly 
fire|>roor,  while  the  cotton  and  varnish  insulation  of  the  armature 
and  fuld  windings  can  not  withstand  a  temperature  beyond  100°  C. 
without  charrint;.      The  bearings  should  be  run  at  a  compara- 
ti\el\'  low  teni])erature  to  ensure  satisfactory  lubrication.     The 
allowai)le  lenij)eralures,  as  specified  in  the  report  of  the  Com- 
niitlce  on    Standardization  of  the  American  Institute  of  Electrical 
lMi<.;iiuers,'*^  are  j^artly  determined  by  the  above  considerations 
and   j)artly  by  ilifferences  in  the  methods  used  for  determining 
trniperatures.       Temperatures  calculated    from  resistance  meas- 
urements are  accurate  mean  temperatures,  whereas  temperatures 
hv   thermometer   refer  to  the  surface   lavers,  which    are  alwavs 
cooler  than  the  interior.     Tims  a  magnet  winding  may  show  a 
teni])erature  rise  of  50°  C.  by  a  thermometer  laid  on  its  surface 
when  a  temperature  rise  of  75°  C.  is  obtained  by  calculation  from 
resistance  measurements. 

*  See  Art.  79. 
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76-  Sparking.  —  One  effect  of  tlie  sparking  of  a  dynamo  is  to 
Dughcn  the  commuuitor  and  cause  the  bruslics  to  chatter  and 
t  wear  the  commutator  rapidly ;  anotlier  effect  is  to  cause  ex- 
essivc  hcatini;  of  the  commutator  and  brushes.  It  is  not  pos- 
[ble  to  specify  precisely  llie  degree  of  sparking  that  is  pemiis- 
Eble,  nor  is  tliere  any  satisfactory  quantitative  sparking  test 
>  which  a  finished  machine  may  be  subjected.  It  is  for  this  rea- 
pn  that  ratings  and  guarantees  are  based  specifically  upon  rise 
i  temperature.  It  may  be  stated  In  a  general  way  that  a  dynamo 
hould  not  lihow  any  visible  sparking  when  its  output  is  changed 
rom  zero  load  to  full  load,  or  from  full  load  to  zero  load,  the 
rushes  being  left  in  a  fixed  position. 

A  djuamo  \^ili  bear  a  maximum  output  rating,  with  a  mini- 
luin  cost  of  materials,  when  it  reaches  its  heating  and  sparking 
nuts  •simultaneously. 

The  cause  of  sparking,  and  the  means  adopted  by  the  designer 

0  ob\-iatc  sparking  are  discussed  in  tlie  following  articles  on 
rniature  reaction  and  commutation. 

77.  Aimatore  reaction. — The  magnetizing  action  of  the  current 

1  a  dynamo  armature  is  called  armalurt  reaction.     Armature 
1  has  a  two-fold  cflcct.     (d)  It  causes  the  magnetic  flux 

rhich  enters  the  armature  from  the  field  magnet  poles  to  be 
rowJcd  toward  the  Iraiitng  pole  tips  of  a  generator,  or  towards 
ic  leading  pole  tips  of  a  motor,  as  shown  in  Figs.  97,  yS  and  99. 
h)  It  opposes  (generally)  tlie  passage  of  the  flux  through  the 
nnature  and  thus  reduces  the  amount  of  ilux. 

The  part  (rf)  i>f  armature  reaction  is  oUied  eross-inagn(ti:nnf; 
VtLm,  and  tJic  part  (^)  is  called  lUmagnt-tishtg  action.  The  cross- 
naifnetijing  action  has  an  im[)ortant  influence  u(K>n  the  s[>arking 
f  a  d^Tuuno,  and  therefore  it  has  to  do  more  or  less  witli  (he 
wing  of  a  i^en  machine.  The  demagnetizing  action,  inas- 
Bucb  as  tl  reduces  tJic  flux  through  the  armature,  aflccts  the 
c  f^ulation  of  a  generator  and  the  speed  regulation  of  a 


:r'  imsEiirt  -rrHTnin  ani  is  ^suikciaL  inxs-  taie  c»o  parts,  demag- 
lefuziur    2C3:a   mc   ir^ag-nTSHjTTimnnig  jctiixr^  os   most  deariy 


V^=«-r-=: 


fe;d  of  a  gcBomtor  wfaa* 
is  laxfe 


% ,% 


xn^f  A*  K-K.  ^?.  ^'it  showing  motor  distortion  for  same  direction  of  running. 


iHMni'hl  out  In- oMisidcring  a  bipolar  dynamo  as  shown  in  Fig. 


I. ,. .  I  hr  hi  vishcs  arc  shown  at  an  angular  distance  a  ahead  of 
III.  Iiiir  .//»\  which  is  at  right  angles  to  the  axis  of  the  field. 
/Ml  mI  iIh'  mndiictors  marked  with  a  dot  are  supposed  to  carr\' 
I  ml  w. (Ill  llnwin^;  current  (towards  the  reader),  and  all  conductors 
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IS3 


ed  with  a  cross  are  supposed  to  carry  inward  flowing  current 
''  from  the  reader). 

J.    lOl  is  like  Fig.  lOO,  butit  shows  only  those  armature 
jctors  which  lie  within  the  angular  distance  zfc  a  from  the 


N 


N 


N 


N 


Re.  100. 


D 


FXf.  lOI 


AB.     Each  of  the  conductors  in  the  top  group  in  F'ig.  lOi 
be  thought  of  as  paired  uith  a  conductor  in  the  bottom 
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group,  and  the  pair  may  be  looked  upon  as  a  complete  tum  of 
wire,  or  in  other  words,  all  the  conductors  shown  in  Fig.  loi 
may  be  looked  upon  as  a  magnetizing  coil  surrounding  the  line 
CD  as  an  axis.  The  magnetic  action  of  this  coil  is  the  demag- 
netizing action  of  the  armature. 

Fig.    1 02  is  like    Fig.    10 1   except  that  it  shows  only  those 
armature  conductors  which  lie  at  a  greater  angular  distance  than 


N 


N 


F!f.  102. 

•  .1  iVom  the  line  AB.  Each  of  the  conductors  on  the  rijjht 
\\\  Iml;.  lOJ  may  be  thought  of  as  paired  with  a  conductor  on  the 
Irit.  .uul  the  pair  may  be  looked  upon  as  a  complete  turn  of  wire, 
,.i  in  otlu  r  wiuds.  all  the  conductors  shown  in  Fig.  102  may  be 
I.M«Lr.i  uj^on  as  a  magnetizing  coil  surrounding  the  line  J/> 
,  I  i:;  \y\A  as  ail  axis.  The  magnetizing  action  of  this  coil  is  the 
,  iM..  mai'iuii/iiiL'  action  of  the  armature. 

I  In  .tall-  ot*  affairs  sh(nvn  in  Figs.  lOO,  loi  and  102  obtains 
Ml  I  .;.  nriat»»r,  as  may  bo  seen  by  applying  the  rule  which  corrc- 
I  ii.  ihii-t  lion  K^^^  a  current  in  a  wire,  direction  of  field  in  which 
III.  vMii  IN  placed,  and  direction  of  side-push  on  the  wire.  Fur- 
I  li.  I  Mi..ii',  I  he  ilcn\a;^neti/ing  action  of  the  conductors  shown  in  Fig. 
n  .1  I .  pir.iiivr.  that  is.  it  is  a  genuine  demagnetizing  action  which 
iippirii  1  ihr  passajje  of  the  flux  4>  through  the  armature,  as  may 
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be  seen  by  applying  the  rule  which  correlates  direction  of  current 
in  a  coil  and  direction  c^  magnetizing  action  of  the  coil.  To  sum- 
marize, we  have  in  Fig.  lOO  a  generator  of  which  the  brushes 
have  a  forward  lead  from  the  line  AB  and  the  armature  has  a 
demagnetizing  action.  In  a  generator  with  brushes  having  a 
backward  lead  from  the  line  AB,  the  armature  has  a  magnetizing 
action  which  helps  the  passage  of  the  flux  *  through  the  arma- 
ture. In  a  motor,  on  the  other  hand,  forward  lead  of  bruslies 
gives  magnetizing  action,  and  backward  lead  of  brushes  gives 
demagnetizing  action  of  the  armature. 

The  effect  of  the  cross-magnetizing  action  in  the  armature  of  a 
dynamo  may  be  made  more  easily  intelligible  with  the  help  of 
Figs.  103,  104  and  105.  Fig.  103  shows  the  magnetic  flux 
through  armature  and  field  poles  due  to  the  magnetizing  action 


of  the  armature  alone  (field  excitation  zero),  Fig.  104  shows  the 
magnetic  flux  due  to  the  action  of  the  field  coils  alone  (armature 
current  zero),  and  Fig.  105  shows  the  composite  effect  due  to 
field  coils  and  armature  acting  together.  At  the  pole  tips  a  and  d 
the  flux  is  in  the  same  direction,  in  Figs.  103  and  104,  and  therc- 
foKthe  resultant  flux  density  under  these  tips  is  great,  as  shown 
in  Fig.  105.     At  the  pole  tips  b  and  c  the  flux  is  in  opposite 
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directions  in  Figs.  103  and  104,  and  tberdbre  the  resultant  flux 
density-  under  these  tips  is  small,  as  shon-n  in  Fig.  105. 


Fig.  106  shows  a  multipolar  machine  with  the  brushes  at 
an  angle  a  ahead  of  the  diagonal  lines  AB*  The  conductors 
at  a  greater  angular  distance  than  ±  a  from  the  line  AB  bal- 
ance each  other's  magnetizing  action  on  the  magnetic  circuit,  the 
mean  path  through  which  is  shown  by  the  hea^■y  dotted  line  0- 

*  Which  bisect  the  angles  belveen  the  lines  CD  which  are  drawn  frnm  tbc  cen- 
ter of  the  armalure  to  Ihe  middle  points  of  the  pole  pieces. 


is  to  say,  to  each  conductor  in  the  group  g  there  is  a  cor- 

Iponding  symmetrically  located  conductor  in  the  group  h  with 

ojipositcly  flowing   current  in   it.     On  the  other  hand,  the 

l^ictizing  action  of  the  conductors  which  he  within  the  angular 

:iz  a  from  tlie  line   AB   is  unbalanced,  and  this  unbal- 
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magnctiung  action  is  the  demagnetizing  action  of  the  anii- 
iire  on  the  magnetic  drcuit  represented  by  the  dotted  line  4>. 
The  value  of  this  demagnetizing  action,  expressed  in  ampcie- 
11*,  is  found  by  multiplying  the  number  of  conductors  •  within 
t  !f{MCc  2(1  by  the  current  flowing  in  each.  That  is  : 
*  tf  B  vilr  cfidlelct  sn  iiun  rul  vhjcli  mniilllutiM  it  mimnrlicdrcuil.  liirn  Ihc  Iran 
endnle*  thr  vitc.  It)  icckooini;  tn  ■mjicre  lurn.  one  mail  be  mte  cilhci  tlial  \\\e 
t  encwda  Ikt  udo  lod  which  coiutilutn  ihc  mngnrtic  circuit,  or  that  the  ni>s"'<'<^ 
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i8o    / 


(35) 


Flf.  107. 


in  which  D  is  the  demagnetizing  ampere-turns  (per  magnetic  cir- 
cuit) of  a  dynamo  armature,  a  is  the  angle  of  forward  lead  <^  the 
brushes,  Z  is  the  total  number  of  armature  conductors,  /^  is  Ac 
total  armature  current,  and  ^  is  the  number  of  paths  into  which 
the  current  /^  divides  in  flowing  through  the  armature.  Equation 
(35)  is  true  whatever  the  number  of  field  magnet  poles  may  be. 

The  cross-magnetizing  action  of  the 
armature  is  represented  in  the  above  dis- 
cussion as  being  due  to  all  the  armature 
conductors  which  lie  at  a  greater  distance 
than  dr  a  from  the  lines  AB.  It  is 
evident,  however,  that  the  conductors 
which  are  beyond  the  pole  tips  cannot 
contribute  to  the  magnetic  flux  shown 
under  the  pole  tips  in  Fig.  103.  In  fact 
the  cross -magnetizing  action  of  the  arma- 
ture depends  only  upon  the  number  of  armature  conductors 
which  lie  under  a  pole  face  as  shown  in  Fig.  107. 

The  intensity  cV,  of  the  magnetic  field  under  the  pole  tips  in 
Fig.  103  due  to  the  armature  alone,  may  be  quite  easily  calcu- 
lated as  follows :  Consider  the  magnetic  circuit  CC^  Fig.  107, 
which  encircles  all  of  the  conductors  under  a  pole  face.  The 
number  of  these  conductors  is  Z  x  fil^fio,  and  the  current  in  each 
conductor  is  IJp\  so  that  the  magnetomotive  force  around  CC 
is  Zx  )8  360  X  I,Jp'*  ampere-turns,  or  47r/io  x  /f  X  /8  360  x 
fjp'  c.g.s.  units,  t  Now  the  iron  of  the  pole  face  and  of  the  arma- 
ture core  may  be  considered  to  have  zero  magnetic  reluctance  as 
compared  with  the  air  in  the  gap  space,  so  that  approximately 

*  This  gives  the  cross-magDetiziiig  ampere-turns  (per  magnet  pole)  of  a  dynamo 
armature. 

t  See  Appendix  A  for  a  fiill  disaitaon  of  magnetomotive  force  and  of  the  magneti- 
zation of  iron. 
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*■-  - 


(36) 


whole  of  the  magnetomotive  force  around  the  circuit  CC  is 
nghl  into  action  at  the  two  points  a  and  d  where  the  circuit 
the  gap  space.  Therefore  one  half  of  tlie  whole  mag- 
Knotiv'c  force  is  brought  into  action  at  a,  and  one  half  at  if, 
.  107,  so  that,  dividing  the  magnetomotive  force  across  the 
at  ><  or  1^  by  the  distance  /  in  centimeters  across  the  gap,  ^^e 
B  the  desired  value  of  JV',  namely. 

r.Soo '  /'/ 

Ic  various  devices  and  schemes  for  reducing  the  effect  of 
itun:  reaction  are  chiefly  of  interest  to  the  dynamo  builder, 
they  are  of  some  importance  to  the  operating  engineer  also, 
the>'  are  briefly  as  follows  : 

I  the  fint  place  the  demagnetizing  action  of  the  armature  can 
reduced  to  a  very  small  value  by  making  the  brush  lead 
II,  a  condition  which  is  realized,  without  excessive  sparking, 
lost  modern  machines.  In  the  second  place,  the  disturbing 
t  of  cross- magnetizing  action  depends  upon  the  ratio  JV/JV, 
re  A'  is  the  field  intensity  under  the  pole  tips  due  to  thcarma- 
r  alortc,  and  ,V  is  the  field  intensity  in  the  gap  space  due  to 
field  winding  alone.  The  disturbing  effect  of  armature  reac- 
ir  never  troublesome  when  the  value  of  this  ratio  is  small. 
A  small  value  of  the  ratio  3(' /9(  may  be  obtained  by  using 
rj*  targe  value  of  PC  or.  in  other  words,  by  using  a  very 
ig  6cld  excitation.  (6)  A  small  value  of  the  ratio  PC /^ 
be  realized  by  keeping  PC  small ;  and  to  keep  PC'  small  for 
fen  current  in  each  path  in  the  armature  and  for  a  given 
bcr  of  armature  conductors,  requires,  according  to  equation 
I,  the  u»e  Iff  narrow  pole  faces  (small  value  of  ff).  and  of  a 
:  ok  gap  (large  value  of  /). 

he  angular  breadth  ff  of  the  pole  faces  is  never  reduced  Ih;Iow 
(I  65  per  cent  of  360//  degrees,  where  fi  is  the  number  of 
magnet  poles." 

Iio    ;1 -K j60j'/ { =  pole  Ipnn'pole  pilch)    i<  utiiallf  inii<l<-   :il->til  07   in 
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The  \'alue  of  9('  may  be  reduced  below  the  value  given  by 
cc|uation  (36)  by  constructing  the  pole  pieces  as  shown  in  F^. 
108,  so  that  the  magnetic  circuit    CC  includes,  not  only  the  air 

gaps  at  a  and  d,  but  also  the  ven* 
considerable  air  space  at  r,  which  does 
not  interfere  with  the  flow  of  the  use- 
ful flux  4>. 

The  effect  of  a  long  gap  space  may 
be  produced  by  using  narrow  teeth 
and  wide  slots  on  the  armature.  These 
narrow  teeth  are  then  highly  saturated 
by  the  flux  4>,  so  that  their  magnetic 
reluctance  is  great,  and  this  high  re- 
luctance is  the  exact  equivalent  of  a 
long  air  gap. 

A  hi^'h  reluctance  in  the  path,  CC,  Fig.  108,  of  the  cross-flux. 
Iiut  n»)t  ill  the  path  of  the  useful  flux  4>,  may  be  produced  by 
1»  iii'tluniiii;  the  ^ap  space  under  the  pole  tips,  leaving  a  short 
■  ;.ip  -p.ur  iimler  tlie  middle  of  the  pole  face.  This  effect  maybe 
.u  » lunplisjud  most  advantageously  in  a  laminated  pole  piece  by 
.  niim;;  aw.iy  the  tij)s  of  half  of  the  laminations,  thus  greatly  re- 
.lih  111:;  ilu-  scrtional  area  of  the  iron  in  the  pole  tips.  Under  these 
,  Mil.  Ill  I.  Mis  tlu'  least  overcrowding  of  the  flux  under  a  pole  tip.  as 
h"NNM  in  I  li^.  105.  lends  to  push  the  iron  of  the  pole  tip  beyond 
mi:;n»iiv  s.iivir.itiiMi.  thus  vastly  increasing  its  reluctance.  The 
II.  uIn  -paikUss  ojKTation  under  all  loads,  of  dynamos  of  recent 
»l.  .I'M.  1'.  l.iii^ely  due  to  the  use  of  pole  pieces  of  the  kind  here 

.li    ..  I  liu'd 

I  \u'  l>»-.i  i\ieihod  of  all  for  reducing  armature  reaction  is  by  the 
\i  .  .•!  \\w  s*>  c.illevl  »\>'//A//.>^/////c  icinding,  which  consists  of  a 
1 1\ .  I  .»!  N\  nrs,  parallel  to  the  armature  shaft,  embedded  in  the  pole 
la. .  ..  .»'.  slu^wn  iu  I'ii;;.  loo.  and  so  connected  that  the  total  cur- 
u  III.  .»!  a  drtimie  fraoiion  o\  the  current,  from  the  brushes  of  the 
\\\M  \\\\w  iK»\\s  through  each  wire,  as  indicated  by  the  crosses  and 
dohi  in  V\\\    uv).     The  use  of  this  compensating  wnding  is  not 
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ftly  warranted  on  account  of  its  cost.     It  is,  iiowever,  an 
I  feature  of  the  ordinarv  commutator  motor  wlien  driven 


f  ahernating  current,  as  e.vemp!ified  in  the  recent  development 

f  the  siiit'lc  phase  alternating  current  motor  for  railways. 

7B.  The  phenomena  of  commatation.    NoQ-sp&rking  condition. — 

r  cauitc  of  sparking,  and  a  clear  idea  of  the  means  available  for 

tludng  sparking,  may  be  obtained  by  a  careful  consideration  of 

Fwhait  takes  place  in  a  section  of  the  armature  winding  and  at  the 

t«-o  coDimuUtor  bars  to  which  it  is  connected,  when  the  two  bars 

I  pus  under  a  brush. 

Hqj.  I  to  shows  the  positive  brush  of  a  generator,  a  portion  of 
c  coramutator  with  its  segment*  or  bars  c.  d.  c,  /  and  ^,  a  por* 
n  of  the  ring  winding  of  the  armature  with  its  sections  T,  U,  V, 
V  and  X,  and  ihc  leading  tip  of  one  of  the  pole  pieces.  The  line 
••'    rcprewrnts  the  neutral  axis  (see  Art  5 1 ) 

Bcibrc  a  given  scctitm  of  the  armature  winding  reaches  the 
B  brush,  current  is  Bowing  through  it  towards  the  brush,  as 
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indicated  by  the  small  arrows  in  Fig.  no,  and  after  the  gi\-ai 
section  of  the  armature  winding  has  passed  the  bnish,  the  current 
in  the  section  is  reversed  in  direction,  still,  of  course,  Roviiitg 
towards  the  brush. 

The  figure  shows  the  instant  when  the  section  Kis  short-dr- 
cuited  bj-  the  contact  (rf  the  brush  with  the  two  commutator  bus 
I'  and  ''.  This  state  of  aflairs  lasts  for  a  very  brief  time,  and  ifta 
iii'ticn  iimhi  bi'  brouglit  about  zvlicreby  the  previously  existing  cvrrti^ 
in  this  siction  could  be  reduced  to  zero  and  an  equal  and  ofposiU 
current  established  in  the  section  during  this  brief  time,  then  thert 
would  not  be  the  least  tendency  for  a  spark  to  form  between  the 
brush  and  the  bar  .f  at  the  instant  they  separate. 


to  tiic  establisliing  of  a  reversed  current  in  the  section 
i-i  sluirt-circuited,  it  is  to  be  noted  that  electromotive 
iiuiiLCcd  in  the  armature  windings  everj-where  except 
I  Ik-  neutral  axis,  as  explained  in  Art.  51.  Therefore, 
\\w  brush  shown  in  Fig.  i  lO  a  forward  lead  from  the 

sis  ilic  sections  as  they  are  short-circuited  by  the 
III'  id  a  region  where  they  have  electromotive  forces 


>  the  proper 


direction  to  establish  the  reversed 


uiilionod  ;  and  the  greater  the  forward  lead,  the 
l.rtromotive  forces  will  be,  so  that  an  angle  of 
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lead  may  be  found  by  trial  for  which  the  condition  of  sparkless 
commutation  above  stated,  is  completely  realised. 

(^)  The  use  of  high  resistance  brushes  of  carbon  tends  not  only 
to  cause  a  decrease  to  zero  of  the  current  existing  in  the  sections 
before  they  reach  a  brush,  but  also  to  establish  the  necessary 
reversed  current  during  the  time  that  a  section  is  short-circuited 
by  the  brush.  The  decrease  to  zero  is  due  mainly  to  the  resis- 
tance of  the  brush  material  which  forms  a  part  of  the  short 
circuit.  The  establishment  of  the  reversed  current  in  the  sections 
s  due  mainly  to  the  contact  resistance  between  the  brush  and  the 
commutator,  as  follows  :  when  the  commutator  has  moved  a  little 
beyond  the  position  shown  in  Fig.  no,  the  increased  resistance 
between  bar  <■  and  the  brush,  due  to  decreased  area  of  contact, 
diverts  the  current  a  through  the  section  f^  as  a  reversed  current 
in  K 

It  is  impracticable  to  depend  solely  upon  the  action  described 
above  under  (a)  for  producing  sparkle.ss  commutation,  inasmuch 
i  to  do  so  would  require  the  lead  of  the  brushes  to  be  read- 
justed with  every  change  of  load.  Therefore  the  action  described 
above  under  {i)  must  be  depended  upon  to  a  greater  or  less 
extent. 

In  the  case  of  generators  and  of  motors  which  are  driven 
always  in  the  same  direction,  the  brushes  are  adjusted  to  give  the 
best  commutation  at,  say,  half  load,  and  at  greater  (or  smaller) 
loads  the  action  (a)  is  deficient  (or  excessive)  and  the  deficiency 
(or  excess)  must  be  counteracted  by  action  (/'). 

In  motors  for  cranes  and  electric  cars  the  direction  of  running 
is  repeatedly  reversed  and  the  brushes  are  fixed  permanently  in 
tlie  diagonal  axes  AS,  Fig.  106,  In  this  case  the  cross-magne- 
tizing action  of  the  armature  current  sliifts  the  neutral  axis  so 
tliat  the  action  (a)  tends  to  maintain  rather  than  to  mvrsc  the 
current  in  the  short-circuited  sections.  In  this  case  the  action 
described  above  under  {^)  is  not  only  the  sole  cause  of  the  re- 
al of  the  current  in  the  short-circuited  sections,  but  in  produc- 

r  this  reversal  the  action  (d)  has  to  counteract  the  opposing 
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action  (a).  Motors  which  are  repeatedly  reversed  would  not 
operate  satisfactority  with  low  resistance  brushes  of  metal 

A  current  in  a  circuit  of  large  inductance  has  great  electrical 
momentum  and  the  quick  reversal  of  a  current  in  such  a  circuit 
.  requires  a  very  considerable  electromotive  force.  Therefore  the 
reversal  of  current  in  the  short-circuited  sections  of  an  armature 
during  the  brief  time  that  the  short-dreuit  continues,  is  vitally 
dependent  upon  a  small  value  of  the  inductance  of  the  sectims. 
Small  inductance  is  especially  important  inasmuch  as  the  action 
(d)  above  described  is  chiefly  relied  upon,  and  this  action  is  equiv- 
alent to  a  very  small  electromotive  force.  The  inductance  of 
an  armature  section,  wound  in  slots  of  a  given  size,  is  proportional 
to  the  square  of  the  number  of  turns  of  wire  in  the  section. 
Therefore  a  small  inductance  necessitates  few  turns  of  wire  in 
each  armature  section. 

79.  Standard  rules  for  ratings  and  guarantees.  —  In  the  early 
days  of  electrical  engineering,  different  manufacturers  followed 
widely  divergent  rules  for  fixing  the  ratings  of  their  machines 
with  the  result  that  ratings  were  almost  meaningless.  In  addi- 
tion to  this,  the  terminology  of  electrical  engineering,  and  espe- 
cially the  mathematical  notation  employed  in  electrical  engineer- 
ing literature  was  badly  confused.  To  remedy  this  state  of  affairs, 
a  Committee  on  Standardization  was  appointed  by  the  American 
Institute  of  Electrical  Engineers  in  i8g8  and  their  report,*  some 
of  the  details  of  which  have  since  been  revised,  was  laid  before 
the  Institute  in  June,  iSgg.  The  revised  report  is  dated  May, 
1902. 

The  recommendations  of  this  committee  on  rise  of  temperature, 
insulation,  and  rating  of  dynamo  machines  are  given  below.  The 
remainder  of  the  report  of  the  committee  is  devoted  chiefly  to 
recommendations  concerning  notation,  to  de6niti'ons,  and  to  the 
enunciation  of  principles.  This  part  of  the  report  is  adequately 
represented  in  the  general  mode  of  treatment  adopted  in  this  text 

•  rramt.  A.  I.  £.  £.,  Vol.  XVI.,  pp.  255-368.  Thii  report  hu  been  iMoed  bj 
the  Iiutitate  u  ■  lepwato  poblkatioa. 
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RISE  OF  TEMPERATURE. 
General  Principles. 

26.  Under  regular  service  conditions,  the  temperature  of  electrical  machinery  should 
never  be  allowed  to  remain  at  a  point  at  which  permanent  deterioration  of  its  insulat- 
ing material  takes  place* 

27.  The  rise  of  temperature  should  be  referred  to  the  standard  conditions  of  a 
room-temperature  of  25^  C,  a  barometric  pressure  of  760  mm.  and  normal  conditions 
of  ventilation  ;  that  is,  the  apparatus  under  test  should  neither  be  exposed  to  draught 
nor  enclosed,  except  where  expressly  specified. 

28.  If  the  room  temperature  during  the  test  diflfers  from  25 '^  C,  the  ohserv-ed  rise 
of  temperature  should  be  corrected  by  %  per  cent,  for  each  degree  C.  Thus  with  a 
room  temperature  of  35®  C,  the  observed  rise  of  temperature  has  to  be  decreased  by 
5  per  cent.,  and  with  a  room  temperature  of  15°  C,  the  obser%'ed  rise  of  temperature 
has  to  be  increased  by  5  per  cent.  The  thermometer  indicating  the  room  temperature 
should  be  screened  from  thermal  radiation  emitted  by  heated  bodies,  and  from  draughts 
of  air.  When  it  is  impracticable  to  secure  normal  conditions  of  ventilation  on  account 
of  an  adjacent  engine,  or  other  sources  of  heat,  the  thermometer  for  measuring  the  air 
temperature  should  be  placed  so  as  fairly  to  indicate  the  temperature  which  the 
machine  would  have  if  it  were  idle,  in  order  that  the  rise  of  temperature  determined 
shall  be  that  caused  by  the  operation  of  the  machine. 

29.  The  temperature  should  be  meas^red  after  a  run  of  sufficient  duration  to  reach 
practical  constancy.  This  is  usually  from  6  to  18  hours,  according  to  the  size  and 
construction  of  the  apparatus.  It  is  permissible,  however,  to  shorten  the  time  of  the 
test  by  running  a  lesser  time  on  an  overload  in  current  and  voltage,  then  reilucing 
the  load  to  normal,  and  maintaining  it  thus  until  the  temperature  has  become  con- 
stant. 

In  apparatus  intended  for  intermittent  service,  as  railway  motors,  starting  rheostats, 
etc.,  the  rise  of  temperature  should  be  measured  after  operation  under  as  nt*arlv  as 
possible  the  conditions  of  service  for  which  the  apparatus  is  intended,  and  the  con- 
ditions of  the  test  should  be  specified. 

In  apparatus  which  by  the  nature  of  their  service  may  be  exposed  to  overload,  as 
railway  converters,  and  in  very  high  voltage  circuits,  a  smaller  rise  of  temperature 
should  be  specified  than  in  apparatus  not  liable  to  overloads  or  in  low  voltage  appara- 
tus. In  apparatus  built  for  conditions  of  limited  space,  as  railway  motors,  a  higher 
rise  of  temperature  must  be  allowed. 

30.  In  electrical  conductors,  the  rise  of  temperature  should  be  determined  *  by  their 
increase  of  resistance  where  practicable.  For  this  purjxjse  the  resistance  may  be 
measured  either  by  galvanometer  test,  or  by  drop-of- potential  method.  A  tempe rature 
coefficient  of  0.42  per  cent,  per  degree  C,  from  and  at  o**  C,  may  be  assumed  for 
copper.  Temperature  elevations  measured  in  this  way  are  usually  in  excess  of  tem- 
perature elevations  measured  by  thermometers. 

*  By  the  formulas 

-^'=^o('-f  0.0042/)  and  ^f+#  =  ^5[i-f  o.oo42(/-f(?)] 
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When  thermometers  are  applied  to  the  free  sar&ce  of  a  madiiiie,  it  u  dcshmble 
that  the  bulb  of  the  thermometer  should  be  covered  by  a  pad  of  definite  area.  A  ooo- 
venient  pad  may  be  formed  of  cotton  waste  in  a  shallow  dicnlar  box  about  one  and  a 
half  inches  in  diameter,  through  a  slot  in  the  side  of  which  the  thennometcr  bolb 
is  inserted.  An  unduly  large  pad  over  the  thermometer  tends  to  interfere  with  the 
natural  liberation  of  heat  from  the  surface  to  which  the  thermometer  is  applied. 

31.  With  apparatus  in  which  the  insulating  materials  have  special  heat-resasting 
qualities,  a  higher  temperature  elevation  is  permissible. 

32.  In  apparatus  intended  for  service  in  places  of  abnormally  hi^  tempeiatnre,  a 
lower  temperature  elevation  should  be  specified. 

33.  It  is  recommended  that  the  following  maximum  values  of  temperatore  elevation 
should  not  be  exceeded  : 

Commutating  machines,  rectifying  machines  and  synchronous  machines. 
Field  and  armature,  by  resistance,  50°  C 

Commutator  and  collector  rings  and  brushes,  by  thermometer,  55®  C 
Bearings  and  other  parts  of  machine,  by  thermometer,  40^  C 
Rotary  induction  apparatus : 

Electric  circuits,  50®  C,  by  resistance. 

Bearings  and  other  parts  of  the  machine,  40®  C. ,  by  thermometer. 
In  squirrel-cage   or  short-circuited   armatures,   55*^  C,  by  thermometer,  may  be 
allowed. 

Transformers  for  continuous  service  —  electric  circuits  by  resistance,  50®  C.,  other 
parts  by  thermometer,  40°  C,  under  conditions  of  normal  ventilation. 

Reactors,  induction  and  magneto- regulators  —  electric  circuits  by  resistance,  50°  C, 
other  parts  by  thermometer,  40®  C. 

Where  a  thermometer,  applied  to  a  coil  or  winding,  indicates  a  higher  temperature 
elevation  than  that  shown  by  resistance  measurement,  the  thermometer  indication 
should  be  accepted.  In  using  the  thermometer,  care  should  be  taken  so  to  protect  its 
bulb  as  to  prevent  radiation  from  it,  and,  at  the  same  time,  not  to  interfere  seriously 
with  the  nonnal  radiation  from  the  part  to  which  it  is  applied. 

34.  In  the  case  of  apparatus  intended  for  intermittent  service,  except  railway 
motors,  the  temperature  elevation  which  is  attained  at  the  end  of  the  period  corre- 
sponding to  the  term  of  full  load,  should  not  exceed  50®  C,  by  resistance  in  electric 
circuits  In  the  case  of  transformers  intended  for  intermittent  service,  or  not  opera- 
ting continuously  at  full  load,  but  continously  in  circuit,  as  in  the  ordinary  case  of 
lighting  transformers,  the  temperature  elevation  above  the  surrounding  air-temperature 
should  not  exceed  50°  C.  by  resistance  in  electric  circuits  and  40°  C.  by  thermometer 
in  other  parts,   after  the  period  corresponding  to  the  term  of  full  load.     In   this 

where  A*/  is  the  initial  resistance  at  room  temperature  /**  C. 

/^i^$  is  the  6nal  resistance  at  temperature  elevation  d°  C. 

/^Q  is  the  inferred  resistance  at  0°  C. 
These  combine  into  the  formula 


e  =  (a3».i  +  t)  {-^~i)  degreesC 
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instance,  the  test  load  should  not  be  applied  until  the  transformer  has  been  in  circuit 
for  a  sufficient  time  jto  attain  the  temperature  elevation  due  to  core  loss.  With  trans- 
formers for  commercial  lighting,  the  duration  of  the  full -load  test  may  be  taken  as 
three  hours,  unless  otherwise  specified.  In  the  case  of  railway,  crane  and  elevator 
motors,  the  conditions  of  service  are  necessarily  so  varied  that  no  specific  period  cor- 
respoding  to  the  full -term  load  can  be  stated. 

35.  The  commercial  rating  of  a  railway  motor  should  be  the  h.p.  output,  giving 
75°  C  rise  of  temperature,  above  a  room  temperature  of  25°  C  ,  after  one  hour's  con- 
tinuous run  at  500  volts  terminal  pressure  on  a  stand,  with  the  motor  covers  removed. 

For  determining  the  service  temperature  of  a  railway  motor,  the  temperature  rise 
should  be  determined  by  operating  the  motor  on  a  straight  and  level  track  and  under 
sped  Bed  conditions  : 

( 1 )  As  to  the  load  carried  in  tons  per  motor. 

(2)  The  schedule  speed  in  miles  per  hour. 

(3)  The  number  of  stops  per  mile. 

(4)  The  duration  in  seconds  of  the  stops. 

(5 )  The  acceleration  to  be  developed  in  miles  per  hour  per  second. 

(6)  The  braking  retardation  to  be  developed  in  miles  per  hour  per  second. 

These  specifications  should  be  determined  or  agreed  upon,  as  eriuivalent  to  the  act- 
ual service,  and  the  motors  to  be  closed  or  open,  according  to  the  way  in  which  tlicy 
are  to  be  operated  in  service. 

The  tests  should  be  made  in  both  directions  over  the  same  track. 

By  a  "level  track'*  should  be  understood  a  track  in  which  the  gradient  does  not 
exceed  one-half  per  cent,  at  any  point. 

By  a  "straight  track*'  should  be  understood  a  track  in  which  the  radius  of  curva- 
ture is  nowhere  less  than  the  distance  travelled  by  the  car  in  30  seconds,  al  the  maxi- 
mum s()eed  reached  during  the  run. 

The  wind  velocity  during  a  test  should  not  exceed  10  miles  per  hour  in  any  direction. 

INSULATION. 

36.  The  ohmic  resistance  of  the  insulation  is  of  secondary  importance  only,  as  com- 
pared with  the  dielectric  strength,  or  resistance  to  rupture  by  high  voltaye. 

Since  the  ohmic  resistance  of  the  insulation  can  be  very  greatly  increa:>e(l  \>y  baking, 
but  the  dielectric  strength  is  liable  to  be  weakened  thereby,  it  is  preferal>le  to  specify 
a  high  dielectric  strength  rather  than  a  high  insulation  resistance.  The  high -voltage 
test  for  dielectric  strength  should  always  be  applied. 

Insulation  Resistance. 

37.  Insulation  resistance  tests  should,  if  possible,  be  made  at  the  pressure  for  which 
the  apparatus  is  designed. 

The  insulation  resistance  of  the  complete  apparatus  must  be  such  that  the  rated 
voltage  of  the  apparatus  will  not  send  more  than  1/1,000,000  of  the  full  load  current, 
at  the  rated  terminal  voltage,  through  the  insulation.  Where  the  value  found  in  this 
way  exceeds  i  megohm,  I  megohm  is  sufficient. 

Dielectric  Strength. 

38.  The  dielectric  strength  or  resistance  to  rupture  should  be  determined  by  a  con- 
tinued application  of  an  alternating  e.m.t.  for  one  minute      The  source  of  alternating 
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e.in.f.  should  be  a  transformer  of  such  size  that  the  charging  current  of  the  apparatus 
as  a  condenser  does  not  exceed  25  per  cent,  of  the  rated  output  of  the  transformer. 

39.  In  alternating-current  apparatus,  the  test  should  be  made  at  the  frequency  for 
which  the  apparatus  is  designed. 

40.  The  high-voltage  test  should  not  be  applied  when  the  insulation  is  low,  owing 
to  dirt  or  moisture,  and  should  be  applied  before  the  machine  is  put  into  commercial 
service. 

The  high  potential  test  should  be  made  at  the  temperature  assumed  under  normal 
operation,  as  specified,  in  Paragraph  2  under  **  Efficiency." 

41.  It  should  be  pointed  out  that  tests  at  high- voltages  considerably  in  excess  of 
the  normal  voltages,  to  determine  whether  specifications  are  fulfilled,  are  admissible 
on  new  machines  only. 

42.  The  test  for  dielectric  strength  should  be  made  with  the  completely  assembled 
apparatus  and  not  with  its  individual  parts,  and  the  voltage  should  be  applied  as 
follows  : 

1st.   Hetwcen  electric  circuits  and  surrounding  conducting  material,  and 

2(1.    Hetwcen  adjacent  electric  circuits,  where  such  exist,  as  in  transformers. 

'V\u-  tests  should  be  made  with  a  sine  wave  of  e.m.f.,  or  where  this  is  not  avail- 
sihlc,  ai  a  voltaji;e  ^ivinj^  the  same  striking;  distance  between  needle  points  in  air,  as  a 
viur  wave  of  tlie  specifie<l  e.in.f.,  except  where  expressly  specified  otherwise.  As 
iir(ilI«-N,  new  >t;wiiij;  iit-edles  sh()ul<l  he  u*^ed.  It  is  recommended  to  shunt  the  ap- 
|i.iiaius  diiriiiji  the  test  by  spark  gap  of  needle  |X)ints  set  for  a  voltage  exceeding  the 
H'|uir<<l  volta^'c  l>y  lO  per  cent. 

.\  \.  'Vhr  lollowinjj  voltages  arc  recommended  for  apparatus  not  including  trans- 
iiii»ioii  \'u\r^  or  switchboards. 

K.it*a  'IVrtninal  Voltage.  Rated  Output.  Testing  Voltage. 

Not  (xirrdiiij^  400  volts Under  10  k.  w 1,000  volts. 

«'       «♦     10  k.  w.  and  over 1,500 

4(X)  and  ovrr  but  lrs>  than  800  volts...      I'lider  ID  k.  w I.500 

ID  k.w.  and  over 2,000 


i( 


S(K)  ••      ♦*       ♦*      •'       "     1,200"   ...      Any 3.500 

l,2()<»  "      •'       *'      "       '*     2,500'*   ...      Any 5,000 

2.^^x)  *'      *'       '•      '*       *•   10.000  •*   ...     Anv  Double    the    normal    rated   vol- 

taj^eN. 

i(),(M)o  "     "       ♦•     **       *•  20,000**   ...     Any 10,000  volts  alM)ve  normal  rated 

vt.>lta^es. 

2'>,o(:o  ••     '•  ...     Any 50  per  cent,  above  normal  rated 

voIta«;es. 

Mxeept  that  traiislbrmcrs  of  5,000  volts  or  less,  directly  feeding  consumption  cir- 
luils,  should  be  tested  at  10,000  volts. 

Synchronous  motor  fields  and  fields  of  converters  started  from  the  alter- 

naiing  current  side 5»ooo  volts. 
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Alternator  field  circuits  should  be  tested  under  a  breakdown  test  voltage  corres- 
ponding to  the  rated  voltage  of  the  exciter,  and  referred  to  an  output  equal  to  the 
output  of  the  alternator  ;  f.  e,^  the  exciter  should  be  rated  for  this  test  as  having  an 
output  equal  to  that  of  the  machine  it  excites. 

Condensers  should  be  tested  at  twice  their  rated  voltage  and  at  their  rated  frequency. 

The  values  in  the  table  above  are  effective  values,  or  square  roots  of  mean  square, 
reduced  to  a  sine  wave  of  e.m.f. 

44.  In  testing  insulation  between  different  electric  circuits,  as  between  primary  and 
secondary  of  transformers,  the  testing  voltage  must  be  chosen  corresponding  to  the 
high-voltage  circuit. 

45.  In  transformers  of  20,000  volts  upwards,  it  should  be  sufiBcient  to  test  the 
transformer  by  operating  it  at  50  per  cent,  above  its  rated  voltage  ;  if  necessary,  with 
sufficiently  higher  frequency  to  induce  this  voltage. 

46.  The  test  of  the  insulation  of  a  transformer,  if  no  testing  transformer  is  avail- 
able, may  be  made  by  connecting  one  terminal  of  the  high  voltage  winding  to  the 
core  and  low-voltage  winding,  and  then  repeating  the  test  with  the  other  terminal  of 
the  high-voltage  winding  so  connected.  The  test  of  dielectric  resistance  between  the 
low-voltage  winding  and  the  core  should  be  in  accordance  with  the  recomincndalion 
in  Section  43,  for  similar  voltages  and  capacities. 

47.  High  voltage  tests  on  transformers  or  other  apparatus  should  be  based  upon  the 
voltages  between  the  conductors  of  the  circuit  to  which  they  are  connected. 

48.  \Vben  machines  or  apparatus  are  to  be  operated  in  series,  so  as  to  employ  the 
sum  of  their  separate  e  m.f.'s,  the  voltage  should  he  referred  to  this  sum,  except 
where  the  frames  of  the  machines  are  separately  insulated  both  from  ground  and  from 
each  other. 

The  insulation  between  machines  and  between  each  machine  and  j^round  should  he 
tested,  the  former  referred  to  the  voltage  of  one  machine,  and  the  latter  to  the  total 
voltage  of  the  series. 

49.  Underground  cables,  and  line  switches,  should  be  tested  by  the  application  of 
an  alternating  e.m.f.  for  one  minute  at  twice  the  voltage  at  which  the  cable  or  switch 
is  to  be  operated. 

RATING. 

75-  Both  electrical  and  mechanical  power  should  be  expressed  in  kilowatts,  except 
when  otherwise  specified.  Alternating-current  apparatus  should  he  rated  in  kilowatts 
on  the  basis  of  non-inductive  condition  ;  /.  «'.,  with  the  current  in  phase  with  the  ter- 
minal voltage. 

76.  Thus  the  electric  power  generated  by  an  alternating-current  apparatus  e<iuals 
its  rating  only  at  non-inductive  load,  that  is,  when  the  current  is  in  phase  with  the 
terminal  voltage. 

77.  Apparent  power  should  be  expressed  in  kilovolt -amperes  as  distinguished  from 
real  power  in  kilowatts. 

78.  If  a  power-factor  other  than  100  per  cent,  is  specified,  the  rating  should  be 
expressed  in  kilovolt-amperes  and  power-factor,  at  full  load 

79.  The  full-load  current  of  an  electric  generator  is  that  current  which  with  the 
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rated  full -load  terminal  voltage  gives  the  rated  kilowatts,  bat  in  alteniating-carreDt 
apparatus  only  at  non-inductive  load. 

80.  Thus,  in  machines  in  which  the  full-load  voltage  differs  from  the  no-load  Tolt- 
age,  the  full-load  current  should  refer  to  the  former. 

If  /^=  rating  of  an  electric  generator  and  ^=  full-load  terminal  voltage,  the  full- 
load  current  is : 

p 
/=  ^  in  a  continuous-current  machine  or  single- phase  alternator. 

P 
1  = in  a  three-phase  alternator. 

p 

/•=  —     in  a  quarter-phase  alternator. 

81.  Constant -current  machines,  such  as  series  arc-light  generators,  should  be 
rated  in  kilowatts  based  on  terminal  volts  and  amperes  at  full  load. 

82.  The  rating  of  a  fuse  or  circuit  breaker  should  be  the  current  strength  whtdi  it 
will  continually  carry.  In  addition  thereto,  the  current-strength  at  which  it  will  cpes 
the  circuit  should  be  specified. 

Classification  of  Voltages  and  Frequencies. 

83.  In  direct-current,  low-voltage  generators,  the  following  average  terminal  volt- 
ages are  in  general  use  and  are  recommended  : 

125  volts.  250  volts.  550  to  600  volts. 

84.  In  direct-current  and  alternating- current  low-voltage  circuits,  the  followiog 
average  terminal  voltages  are  in  general  use  and  are  recommended  : 

1 10  volts.  220  volts. 

In  direct-current  power  circuits,  for  railway  and  other  service,  500  volts  may  be 
considered  as  standard. 

85.  In  alternating-current,  constant-potential,  primary-distribution  circuits,  an 
average  e.m.f.  of  2,200  vol's,  with  step-down  transformers  of  ratios  l/io  and  1/20,  is 
in  general  use,  and  is  recommended  : 

86.  In  alternating-current,  constant-potential,  high-pressure  circuits,  at  the  receiv- 
ing end,  the  following  voltages  are  in  general  use,  and  are  recommended  : 

6,000.        10,000.         15,000.         20,000.        30,oco.        40,000.        60,000. 

87.  In  alternating  current  generators,  '"r  generating  systems,  a  range  of  terminal 
voltage  should  be  provided  from  no-load  voltage  to  lO  per  cent,  in  excess  thereof,  to 
cover  drop  in  transmission.  If  a  greater  range  than  ten  per  cent,  is  specified,  the 
generator  should  be  considered  as  special, 

^^.  In  alternating-currrent  circuits,  the  following  approximate  frequencies  are 
reconunended  as  desirable  : 

25  cycles  per  second.  60  cycles  per  second.  I20  cycles  per  second.* 

These  fretjuencics  are  already  in  extensive  use  and  it  is  deemed  advisable  to  adhere 
to  them  as  closely  as  possible. 

*  The  frefjuency  of  120  cycles  per  second  may  be  considered  as  covering  the  already 
existing  commercial  frequencies  between  120  cycles  per  second  and  140  cycles  per 
second. 
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Overload  Capacities. 

89.  All  guanmCees  on  heating,  regulation,  sparking,  etc.,  should  apply  to  the  rated 
load,  except  where  expressly  specified  otherwise,  and  in  alternating-current  apparatus 
to  the  current  in  phase  with  the  terminal  e.ni.f.,  except  where  a  phase  displacement 
is  inherent  in  the  apparatus. 

9a  All  apparatus  should  be  able  to  carry  the  overload  specified  in  Section  92, 
without  self-destruction  by  heating,  sparking,  mechanical  weakness,  etc.,  and  with  an 
increase  in  temperature  elevation  not  exceeding  15®  C.  above  those  specified  for  full 
loads,  the  overload  being  applied  after  the  apparatus  has  acquired  the  temperature 
corresponding  to  full -load  continuous  operation.     (See  sections  30  to  34. ) 

91.  Overload  guarantees  should  refer  to  normal  conditions  of  operation  regarding 
speed,  frequency,  voltage,  etc  ,  and  to  non-inductive  conditions  in  alternating  appa- 
ratus, except  where  a  phase  displacement  is  inherent  in  the  apparatus. 

92.  The  following  overload  capacities  are  recommended  : 

1st.  In  direct-current  generators  and  alternating-current  generators,  25  per  cent*  for 
two  hours. 

2d.  In  direct- current  motors,  induction  motors  and  synchronous  motors,  not  includ- 
ing railway  motors  and  other  apparatus  intended  for  intermittent  service,  25  per  cent. 
lor  two  hours,  and  50  per  cent,  for  one  minute,  for  momentary  overload  capacity. 

3d.  Synchronous  converters.     50  per  cent,  for  one  half  hour. 

4th.  Transformers.  25  per  cent,  for  two  hours.  Except  in  transformers  connected 
to  apparatus  for  which  a  different  overload  is  guaranteed,  in  which  case  the  same 
guarantees  shall  apply  for  the  transformers  as  for  the  apparatus  connected  thereto. 

5th.  Exciters  of  alternators  and  other  s>'nchronous  machines,  10  per  cent,  more 
oirerload  than  is  required  for  the  excitation  of  the  synchronous  machine  at  its  guaran- 
teed overload,  and  for  the  same  period  of  time. 

7th.  .\11  exciters  of  alternating-current,  single-phase  or  polyphase,  generators  should 
tie  ablr  to  give  at  constant  speed,  sufficient  voltage  to  excite  the  alternator,  at  the 
rated  i^peed,  to  the  full-load  terminal  voltage,  at  the  rated  output  in  kilovolt- amperes 
and  with  50  per  cent  power  factor. 


CHAPTER  VII. 

THE   PRACTICAL  OPERATION  OF  DYNAMOS.      STATION 

EQUIPMENT. 

80.  General  instructions  for  managing  generators  and  motors.*— 

Dynamos  are  usually  provided  with  an  eye-bolt  to  which  ropes 
or  chains  for  lifting  may  be  attached.  In  handling  a  dynamo,  or 
in  removing  an  armature  for  repairs,  great  care  must  be  exercised 
to  avoid  abrasion  of  the  windings.  An  armature  should  never  be 
laid  upon  a  hard  floor  but  should  always  rest  upon  a  soft  bed  of  | 
sacking. 

Tlie  bearings  should  be  kept  thoroughly  lubricated  with  a  fine 
grade  of  oil.  Carbon  brushes  do  not  need  much  oil  lubrication, 
and  in  any  case  oil  must  be  used  very  sparingly  on  the  commu- 
tator, since  the  sparking  tends  to  char  it,  and  furthermore,  the 
oil  collects  dust  and  retains  the  worn-off  particles  of  carbon  and 
copper  producing  a  gummy  coating  which  leads  to  poor  electrical 
contact  between  the  brushes  and  the  commutator. 

Tlie  commutator  should  be  cleaned  occasionally  with  a  tightly 
woven  cloth  (free  from  lint),  and,  after  this  operation,  a  mere  trace 
of  oil,  or  preferably  vaseline,  may  be  applied  to  the  cloth  and 
thence  to  the  commutator. 

The  tension  of  the  brush  springs  should  be  ordinarily  adjusted 
to  give  a  pressure  of  about  1.5  pounds  per  square  inch  of  contact 
surface  between  the  brushes  and  the  commutator.  Too  little 
pressure  leads  to  chattering  of  the  brushes  and  consequent  spark- 
ing and  roughening  of  the  commutator.  Excessive  brush  pres- 
sure gives  rise  to  excessive  brush  friction  and  undue  heating  of 
the  commutator  and  brushes. 

^This  (liscus'iion,  and  the  discusNion  of  dynamo  diseases  or  faults,  is  adapted  from 
the  excellent  little  lxx)k  **  Practical  Management  of  Dynamos  and  Motors,'*  by  F.  B. 
Crocker  and  S.  S.  Wheeler. 
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A  dynamo  should  be  kept  perfectly  clean  and  dry,  and  it  should 
t  be  exposed  to  dusl.      A  water-proof  covering  should  be 

»\'cr  the  machine  when  it  is  not  in  use. 
When  a  dynamo,  generator  or  motor,  is  started  for  the  first 
nc  (or  after  it  has  been  standing  unused  for  a  long  time),  it 
ould  be  very  closely  watched  for  an  hour  or  more,  inasmuch  as 
I  unexpected  defect  may  develop. 
If  there  Is  the  remotest  possibility  that  a  generator  is  wet  or 
en  moist,  it  should  be  driven  for  several  hours  without  exciting 
I  field ;  the  idea  being  to  accelerate  the  drying  process  by  the 
l-likc  action  of  the  rotating  armature.     The  field  is  then  to  be 

dually  and  cautiously  excited  by  cutting  out  resistance  in  the 
Id  riico!Etal.  and  finally  the  current  output  is  to  be  cautiously 
;rea!w:cJ  to  its  full  rated  value. 
VNlicn  a  motor  has  been  exposed  to  dampness  it  should  be  run 

a  gcncralor  and  treated  as  above  described,  the  idea  being  to 
e  the  m^ichine  for  a  number  of  hours  and  dry  it  tiioroughly 
e  any  electromotive  force  is  brought  into  acti'>n  between  the 
riouii  windings.  In  the  case  of  an  isolated  motor,  however, 
k  nut  lexsible  to  drive  it  as  a  generator  If  the  machine  is  very 
1  it  should  be  dried  by  gentle  and  long-continued  heating. 

many  cases,  however,  it  is  allowable  to  excite  tlie  field  of  the 
Mor,  start  it,  and  run  it  for  several  hours  on  zero  load  ;  the 

r  may  llicn  be  gradually  loaded  until  full  load  is  reached. 
Unless  a  dynamo  is  positively  known  to  be  dry  it  must  be 
1  to  be  moist  and  treated  accordingly.     A  new'  machine 
ly  become  damp  in  transit  froni  the  factory. 
In  the  opening  of  a  switch  a  destructive  arc  or  spark  is  likely 
be  formed,  especially  if  the  current  is  large,  or  the  inductance 
e  circuit  is  high,  as  in  the  case  of  a  field  winding.      Properly 
nsUucted  switches  have  carbon  blocks  so  arranged  as  to  take 
B  arc  or  upark  otT  the  metal  [wrts  of  the  switch,  thus  lessening 
!  wear  on  the  switch.     In  any  case  a  switch  must  be  opened 
1  duwd  «Tth  a  vigorous  and  unhesitating  movement 
A  belted  dynamo,  gcncralor  or  motor,  should  be  provided 
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'A-ith  a  scre-A'  dcAce  for  adjusting  the  tension  of  the  belt  by  mov- 
ing the  nia:h:ne  back  and  forth  on  slide  rails. 

81.  General  directions  for  starting.  —  Before  starting  a  d\iuuix), 
generator  or  mA-jT,  see  that  the  niachine  is  clean,  especially  the 
commentator  arid  bmshes.  The  metallic  dust  which  comes  from 
th'j  M  ear  of  the  commutator  and  brushes  is  likelv  to  make  a  short 
circi:it.  and  it  should  therefore  be  removed  u-ith  special  care. 
Examine  the  whole  machine  closely  to  be  sure  that  all  screws 
and  contacts  are  tight  Fill  the  oil  cups,  adjust  the  oil  feed,  and 
see  that  the  oil  ducts  are  clear.  In  the  case  of  ring  oiling  bear- 
ings, tile  rings  should  work  freely  and  they  should  at  all  times 
dijj  into  the  oil  in  the  reser\'oir.  See  that  the  belt  is  in  place  and 
ha-  the  projxrr  tension.  If  it  is  the  first  starting  of  the  machine, 
it  should  be  turned  a  few  times  by  hand,  or  ver>'  slowly  by  power, 
to  make  sure  that  the  machine  rotates  freely,  and  that  the  bdt  , 
runs  in  the  center  of  the  pulleys.  Examine  the  brushes  ;  see  that 
they  j)ress  with  sufficient  pressure  against  the  commutator,  and 
adjust  them  to  the  proper  position  by  moving  the  rocker-arm.  If 
the  proper  position  fur  the  brushes  is  not  indicated  by  a  mark,  this 
last  adjustment  must  be  left  until  after  the  machme  is  running  and 
its  field  excited.  Then  the  proper  position  of  the  brushes  b 
indicated  by  minimum  sparking,  and  by  maximum  voltage  in  the 
case  of  a  generator,  or  minimum  speed  in  the  case  of  a  motor. 

Tile  machine  should  then  be  started  and  brought  up  to  full 
speed,  gradually  if  possible,  all  switches,  in  the  case  of  a  generator. 
being  left  ojicn.  While  starting,  the  attendant  should  be  in  instant 
readiness  to  stop  if  anything  should  seem  to  go  wrong. 

82.  Directions  for  starting  and  stopping  a  single  shunt  or  com- 
pound generator.'^  — The  arrangement  of  a  single  shunt  or  com- 
])()und  generator  for  supplying  current  to  lamps  or  motors  is 
shown  in  1^'ig.  dj.  In  the  starting  of  a  single  generator  plant 
like  this  the  procedure  is  simple,  there  being  no  necessity  for  the 
s])ecial  precautions  required  in  the  starting  and  stopping  of  one 

*  riu'  inan:i^;rincnt  of  the  various  tyi)es  of  scries  generators  used  for  arc  lighting  is 
<U's<iiln'ii  in  special  ImwUs  of  instruction  issued  by  the  manufacturers. 
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a  set  of  generators  in  parallel,  as  pointed  out  in  a  subsequent 
iclc.  To  start  the  generator  shown  in  I"ig.  6g  open  the  main 
itch,  if  it  is  not  already  open,  turn  the  hand  wheel  of  the  field 
Dstat  so  as  to  include  all  of  its  resistance  in  the  lietd  circuit, 
t  the  engine  and  generator  and  bring  them  slowly  up  to  full 
Kd,  cut  out  resistance  from  the  field  rheostat  until  the  generator 
Rdx  up  to  nearly  full  voltage,  dose  the  main  switch  and  finally 
iust  the  licld  rheostat  to  give  the  exact  voltage  desired.  Raising 
t  voltage  above  the  proper  steady  value  is  likely  to  damage  the 
indesccnt  tamps,  and  is  to  be  carefully  avoided.  To  stop  the 
emnr,  turn  the  hand  wheel  of  the  held  rheostat  so  as  to  include 
'  of  the  resistance  of  the  rheostat  in  the  field  circuit,  open  the 
I  switch  and  stop  the  engine.  In  case  of  an  over-load,  due 
short  circuit  out  on  the  mains  or  to  the  connecting  of  too  many 
Dps  or  motors,  the  circuit  breaker  will  open  the  circuit.  Before 
J  the  circuit  breaker  again,  open  the  main  switch,  then  close 
;  circuit  breaker,  and  finally  close  the  main  switch  ;  by  pro- 
edtng  in  this  way  the  circuit  breaker  will  operate  instantly  if 
t  «haft-circuit  on  the  line  still  exists. 
Directions  for  starting  and  stopping  motors  are  given  in  articles 
}  and  61. 

83.  Ditetces  of  dynamos.  —  Difficulty  in  getting  a  dynamo  to 
■ate  is  most  frequently  due  to  a  broken  connection  or  a  loose 
DtacL  Always  make  sure  that  the  connections  are  properly 
ide  and  that  the  various  circuits  are  free  from  louse  and  uncer- 
I  contacLs.  Troubles  in  the  dynamo  itself  may  be  classified 
Donfing  to  their  !i)-niptoms  as  follows  : 

1.    Sparking  at  the  commutator. 
II.  Heating  of  commutator  and  brushes 

III.  Heating  of  annalure. 

IV.  Heating  of  field  magnet.  ^^M 
V.  Heating  of  bearings.                                           ^^M 

VL  None.  ^H 

Vn.  Symptoms  peculiar  to  generators.  "^^H 

VIII.  Symptoms  peculiar  to  niotors.  ^^^M 


f^ar-^ir^   iri  r-.tjc:?   Lrt.   :c  iiiirse.  :^a$51y  perceh-ed     The 

I  i.ir.'i  r  '^c  fc-'iin  :f  iir  iiiiz  it  tii-iT::  -.fTfrr-m  the  rotating 
•riAZ^Tz.      It  jtnr;r2_  i  ri=r::tir=r«r^  :2::^r  C3;=r:c  be  c>?me  bv  the 


>  ::  :e  ::c^Li-cr:-i  i-_ri??-s-  ^  ilil*  lu^h  car>:ri  bmshes  and 
-n-iLi  .-  :-  -V  j^:!i  ±'zr=  ii?  r-:  i-ilier  siiv  x  safelv  run  at  a 
tr  :-!=Ziiririrt  iuji  zsj:  it;  z%:rr.'t  by  rie  hir.c.  Of  course, 
J-"  i  :3r.  zrjjs  i  =^ « :Ji  li^ricr  :2=rerAr-re  ia  a  non-conducting 
iir:=  !J«. :  -1  I'i'i  .r  '.Tirrj-s-i  r\a.-  h  can  in  a  oj-nducting  sub- 
:^  _Vt  r-.-cil.  >:  :>.!:  i,  j:zL't  e.vit^er.ce  is  nccessarx-  to  enable 
-i^=  ■.  r.'z'Jztr  izt  lirr.rcrLT-re  •::'  anv  nart  of  a  dx-namo 
A"  :'i:r  ::'r_rrir^  '."arrish  is  indicative  of  serious 
iriirr  J  ir.i  i  zLi:>ir.»i  TJiiich  sbo'AS  xids  sj-mptom  should  be 
■ii  3.:  z'zt.     Ntvtr  -fe  "Soier  cr  ice  to  coo!  a  d\~namo. 


I     S'^'cz-.r  ^j-  :.y-  .-.:»: -:i-^.v'. — This  mav  be  due  to  thcfol- 

.J  « 

:  L>::--*r:.r  z-rrtri  :r.  ir::--.:  cr"  a  simple  overload  on  a 
:r  :   -     r  ^er.cA:  r.     r  :  ■  a  ^h:r:-c:rcui:  on  the  supply  mains 

z     ':  ---:•_'-  :    :  :r.  rr  :xrr  p-rfiitirr^     » .See  Art.  78.) 

:  _  r.ri-tit.r  s-r"3.:-j  r  j^h  .:r  uneven  causing^  brushes  to 
*-r::rj.  7/.:-  i-''^:'  n: ;-.'.•  bo  ren:c;i:ed  bv  usin^r  a  line  file  on  the 
c'.:::rr.-ij.:.-  . !  i^j  :r.v  :ir:::a:jrc  :<  in  motion  and  the  field  unex- 
c::-:  i  r  hy  --::.;  r.ne  ^ar.c-yarer  applied  by  a  block  of  wood 
V. :.:.!.  ':-':.  \\  ..•_-  :■-::■  r.:  the  commutator  ;  care  must  be  taken 
t  r-_:r..  v>  -a::  i  a" J  ■:  : :  '.r  dust  when  the  job  is  finished.  Never 
.-':  c-m'jr."  :.a:>s:r  i -r  cmen.*  cl-th  on  a  commutator. 

If  til':  •:  :v;n:L::at")r  surface  is  very  uneven,  the  armature,  if  not 
t•''^»  !'ir;;L-.  rr:  ;<t  be  renu'vcci.  placed  in  a  lathe,  and  the  commu- 
tat'.r  \-^'.r:vA  true  and  smooth,  making  one  or  more  fine  cuts  with 
a  'li;irii'ind-pointed  tool. 

.\.  \'cry  poor  balance  of  the  armature  may  also  cause  sufficient 
vihration  to  make  the  brushes  jump. 

5.   P^rush  contact  poor.     This  may  be  due  to  insufficient  brush 
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pressure,  or  to  the  fact  that  the  ends  of  the  brushes  are  not  worn 
to  the  exact  shape  of  the  commutator  so  that  the  brush  makes 
contact  at  a  few  points  only.  When  the  commutator  becomes 
foul  with  grease  and  dust  the  ends  of  the  brushes  become  dirty 
and  the  contact  between  the  brushes  and  the  commutator  is  poor. 

6.  A  short-circuited  coil,  or  an  open -circuited  (broken)  coil  in 
the  armature  may  cause  sparking.  This  sparking  is  always 
located  at  one  point  on  the  armature,  namely  at  the  commutator 
segments  in  which  the  defective  armature  coil  terminates.  A 
short-circuited  coil  is  distinguished  from  an  open-circuited  coil 
partly  by  less  violent  sparking,  and,  partly  by  excessive  local 
heating  in  the  former  case.  Sometimes  a  short-circuit  or  break- 
occurs  on  account  of  the  displacement  of  the  armature  conductors 
by  centrifugal  force  while  the  machine  is  in  motion.  Such  a  fault 
^s  often  very  perplexing  inasmuch  as  it  cannot  be  detected  by 
test  on  the  machine  when  it  is  standing  still. 

7.  "  Grounds  **  in  armature  winding,  that  is,  accidental  elec- 
trical contact  between  two  or  more  points  of  the  armature  con- 
ductors and  the  armature  core,  will  produce  sparking. 

8.  Weak  field  excitation.  This  cause  of  sparking  ma\'  be 
identified  in  any  one  of  three  ways,  namely  :  (a)  by  the  low 
voltage  which  is  associated  with  it  in  a  generator,  or  the  high 
speed  in  a  motor ;  (^)  by  the  weakness  of  the  magnet  poles  as 
indicated  by  their  attraction  for  a  bit  of  iron  held  in  the  hand 
(care  being  taken  that  the  bit  of  iron  is  not  pulled  out  of  the  hand 
and  thrown  against  the  rotating  armature) ;  (r)  by  the  abnormally 
large  angle  of  lead  of  the  brushes  required  to  give  sparklcss  run- 
ning. This  defect,  weak  field  excitation,  is  usually  due,  in  a 
shunt  or  compound  dynamo,  to  an  excessively  high  resistance  in 
the  shunt  field  circuit  due  to  a  faulty  contact  either  in  the  field 
winding  itself  or  in  the  field  rheostat 

9.  Chatter  of  brushes.  When  the  brushes  are  improperly  held 
in  the  brush-holders  the  vibration  may  cause  them  to  chatter. 

II.  Heating  of  commutator  aiid  brushes,  —  This  may  be  due  to 

the  following  causes : 
12 


zii-irr:^  :*t  ^lucziccal  engineering. 


J  :t:i- *«:n.-ir    .t  xsi  rrnn:  azicfdxr  and  hotter  part  of  the 


^». 


r    f^T^r*:!?:^      SrcnscrD**  a  oepre  of  sparking  that  is  scarcely 

i£  nf  ibe  brushes  and  commutator. 

^sn  ihe  commutator  segments 
Tiai*  rs2\-  be  due  to  the  collection  of 
— ':ri-  -•:  .i-^c.-esw      Tire  rszjec-r  i>  tr^  clean  the  commutator  thor- 


_  lTr.7*:r^*r:  fi'r:tr:jril  rrcirenjrcis  between  the  brushes  and  the 
r--/N'  r«.,>-n:r  T'r^sfr^c^.'ir.ijy  h^XKT-s  uith  carbon  brushes.  In 
=r'  ri^<:  ri.-o.c  rr^^br^  bsxr  rsr-re  than  metallic  brushes;  this 
.>  ::*^.'l,T;i^.y  !>.-  Tire  f"  thi  i!:>i>  TC*  ibc  caibon  brushes  do  not  fit 
I." :  : .  ~  .r.  -n: ; :  irr-rittly.  ih«>  ili'^i:^  a  suriace  of  contact  which 
>  fi:  :"r  r_:  .~/:rrr.  Jart^:r.  brushe?  should  not  be  depended 
. .'  "  :     ~^^.  r.:. -h  rr.:c^f  ihir.  4c  amperes  per  square  inch  of 

I.I    -■:":.-   /    *"  : ..  s'^:.::^'-i\  —  This  may  be  due  to  the  fol- 

.^  •  ..::.."    :'  >i;i:  :r.  n*.  sr.cther  and  hotter  part  of  the 

:     -     >..-.:   .i>  i\yl.u"Li  -r.ier  cause  i  !>  for  sparking.     This 

:'C  -  -  the  entire  armature. 
r/.i:ure  '.\-:r.iing^  due  to  moisture.  This 
:  the  r.^.-^isture  is  localized.  It  is  indi- 
:l  immature.  The  wet  armature  should 
rs  .It  aSrut  240"  F.  in  an  oven,  near  a 
.:  :-.:rren:  through  it-  In  the  latter  case 
i::  :::e  machine  and  kept  in  motion,  but 

This  produces  local  heating.     See 

'ii-^.  >-i^r^     f  cajse    5    .jf  >j>arkini;. 

I \'.   IiK-it'.K::    '  f.i .' /  .\::s.  —  This  mav  be  due  to  : 

1.  C'.ri'i  iciion  of  heat  to  the  field  coils  from  another  hotter 
part  of  the  dynamo. 

2.  Mxce-.sive  current  in  the  field  coils  caused  either  by  an  exces- 
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sive  voltage,  or  by  the  short-circuiting  of  a  portion  of  the  field 
winding. 

3.  Moisture  in  the  field  coils.  See  discussion  of  cause  (3)  of 
armature  heating. 

V.  Heating  of  bearings,  —  This  may  be  due  to  : 

1.  Conduction  of  heat  to  the  bearings  by  another  and  hotter 
part  of  the  dynamo. 

2.  Any  one  of  the  common  mechanical  defects  ;  lack  of  oil ; 
grit ;  roughness  of  shaft ;  too  tight  a  fit  between  shaft  and  bear- 
ing ;  crooked  shaft ;  poor  alignment  of  bearings ;  end  thrust  of 
collar,  or  pulley,  or  shoulder  on  shaft  against  the  bearing  ;  or 
excessive  belt  tension. 

3.  Side  pull  of  field  magnet  upon  the  armature  when  the  arma- 
ture is  nearer  to  one  pole-piece  than  to  the  otlier  or  others. 

VI.  Noise.  —  The  sound  produced  by  almost  any  machine  is 
perhaps  the  best  indication  to  an  experienced  attendant  of  its 
condition.  The  legitimate  sounds  of  a  dynamo  arc  the  humming 
sounds  due  chiefly  to  the  armature  teeth  as  they  pass  the  tips  of 
the  pole  pieces,  and  to  the  slight  movement  of  the  iron  parts, 
especially  of  the  laminations,  as  they  are  magnetized  and  demag- 
netized by  pulsating  or  alternating  currents.  The  abnormal 
noises  are  the  following  : 

1.  The  fluttering  noise  accompanied  by  more  or  less  violent 
vibration  due  to  unbalanced  armature  or  pulley. 

2.  The  noise  due  to  the  striking  of  the  armature  against  the 
pole  pieces,  or  to  the  striking  of  the  shaft  collar,  or  pulley,  or 
belt  against  the  bearings.  At  low  speed  this  is  a  scraping  noise, 
and  at  full  speed  it  is  like  No.  i.  The  striking  of  the  armature 
against  the  pole  pieces  may  be  detected  by  the  scraping  noise  at 
low  speed,  by  the  abrasion  of  the  armature  surface,  or  by  look- 
ing through  the  gap  space  in  front  of  the  various  pole  pieces. 

3.  Rattling  noise  due  to  loose  parts,  such  as  screws.  This 
noise  is  most  perceptible  at  moderately  low  speeds. 

4.  Flapping  of  belt  or  the  pounding  of  the  laced  or  cemented 
jomt  agaunst  the  pulley.     A   certain   amount  of  flapping  and 
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pounding  noise  is  unavoidable  and  legitimate,  but  a  whip-like 
crack  as  the  joint  passes  over  the  pulley  indicates  a  loose  lacing. 

5.  A  sharp  screeching  noise,  like  that  produced  by  rubbing 
the  hand  over  a  varnished  table,  indicates  the  slipping  of  the  belt 
due  either  to  overload  or  to  insufficient  belt  tension. 

6.  A  squeaking  or  hissing  noise  is  produced  by  the  brushes. 
When  this  becomes  very  prominent,  a  little  vaseline  is  needed 
The  source  of  this  noise  may  be  determined  by  pressing  the 
finger  against  one  brush  at  a  time,  or,  if  there  is  more  than  one 
brush  in  each  set,  one  brush  at  a  time  may  be  lifted  from  the 
commutator.  The  chattering  of  the  brushes  is  indicated  by 
noise  intermediate  between  a  rattle  and  a  screech. 

Vn.  Symptoms  of  trouble  peculiar  to  a  generator  are  those 
which  have  to  do  with  its  voltage.  The  generator  may  not  build 
up  at  all,  it  may  develop  only  a  weak  electromotive  force,  or  it 
may  become  reversed. 

I.  Failure  to  build  up.  This  is  perhaps  the  trouble  most  fre- 
quently encountered  in  the  starting  of  a  generator.  The  follow- 
ing brief  statements  of  the  causes  of  failure  to  build  up  are  based 
upon  the  full  discussion  in  Art.  44. 

(a)  Excessive  resistance  in  the  field  circuit  due  to  a  poor  con- 
tact or  an  actual  break.  The  brush  contacts  often  have  an 
excessively  high  resistance  when  a  generator  is  first  started,  and 
a  momentary  pressure  of  the  fingers  on  the  brush  or  brushes  may 
enable  the  machine  to  build  up. 

(^)  A  short  circuit  in  the  machine  or  in  the  external  circuit 
prevents  a  shunt  generator  from  building  up. 

(c)  Residual  magnetism  too  weak.  In  this  case  the  field  must 
be  disconnected  from  the  armature  and  excited  for  a  moment  from 
an  outside  source. 

((/)  Reversed  connections  or  reversed  direction  of  rotation. 
(See  Art.  44.) 

(f)  Brushes  not  in  proper  position.  In  all  of  the  discussion  in 
this  treatise  the  brushes  are  represented  as  in  their  proper  posi- 
tions when  they  are  nearly  midway  between  the  field  poles.    TAis 


PRACTICAL  OPERATION  OF   DYNAMOS. 


ISI 


kateetfer  is  Stidom  or  never  the  case  in  actual  machiius,  because  the 
ttrntuetioits  from  the  armature  conductors  to  the  commutator  seg- 
tfuHls  art  seldom  or  tic-er  radial.  That  position  of  the  brushes 
which  gives  a  maximum  electromotive  force  between  them  as 
indicated  by  a  voltmeter  is  the  proper  position. 

Excessively  low  voltage  of  a  shunt  generator  which  is  driven 
at  full  speed  is  due  to  an  excess  of  resistance  in  the  shunt  field 
circuit 

3.  Reversal  of  a  generator,  When  a  machine  is  standing  idle 
its  residual  magnetism  may  be  reversed  by  proximity  to  anotlicr 
dynamo,  or  by  stray  current  from  some  outside  source.  When 
ihc  generator  is  next  started  it  will  build  up  in  a  direction  the 
of  that  desired.  This  reversal  of  a  generator  may  be  cor- 
rected by  stopping  the  machine,  exciting  its  field  for  a  moment  in 
the  proper  direction  from  some  outside  source,  and  tlien  starting 
it  up  again. 

When  a  number  of  generators  arc  to  be  run  in  parallel,  the 
»hunt  Rcid  windings  of  all  of  them  should  be  connected  to  the 
bus  "  bars,  for  tiicn  it  is  not  possible  for  one  of  the  machines  to 
becnmc  reversed  with  respect  to  the  others. 

VIII,  Symptoms  of  trouble  peculiar  to  a  motor  are  abnormal 
variations  of  speed,  and,  inasmuch  as  the  a[ieed  of  a  series  motor 
varies  greatly  under  ordirwry  running  conditions,  the  following 
iple  statements  apply  primarily  to  the  shunt  motor. 
I.   Failure  to  start.     This  is  most  likely  to  be  due  to  a  fault/  i 
comtcctiun,  hut  it  may  be  due  to  excessive  starting  friction,  or  to  ] 

cocnbination  of  moderate  starting  friction  with  an  under-excita- 
ticin  of  the  RcU!  magnet. 

Running  at  low  speed.  This  might  conceivably  be  due  to 
a  greatly  o%-cr-cxcited  field,  but  it  is  more  probably  due  to  an 

er-load.  or  to  the  combination  of  a  heavy  load  with  an  under- 
cxcitcd  field, 

3.   Running  at  excessive  speed.     This  never  occurs  on  a  very 

*  CNaniba*  ban.  Die  bui  oiiich  run  almig  thr  hu-li  -iS  ilir  Kwlictit>Aiiiit  jixncU  biuI 
m  all  o(  ihe  geneiuon. 
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hea\y  load.  It  is  generally  due  to  under-exdtation  of  field 
The  displacement  of  the  brushes  from  their  proper  positions 
causes  a  shunt  motor  to  run  faster  than  its  normal  speed  if  its 
load  is  not  too  great,  but  this  is  always  accompanied  by  sparking 
and  tliis  trouble,  therefore,  is  covered  by  the  discussion  under 
class  I. 

84.  Tests  for  faults  in  armatures.*  —  In  the  four  tests  descnbed 
below,  the  field  of  the  machine  is  not  excited  and  the  armature 
is  not  run. 

(ij)  Ttsts  for  broktPt  Lads.  —  Clean  the  commutator  and  sub- 
stitute for  one  of  the  regular  brushes  a  piece  of  sheet  metal  which 
touches  one  commutator  bar  at  a  time.  Connect  a  low  voltage 
and  low  resistance  batter>'  through  an  ammeter  to  the  metal 
brush  and  to  the  carbon  brush,  and  turn  the  armature  very  slowly 
b\-  hand  causing  the  metal  brush  to  make  good  contact  with  each 
commutator  bar  in  succession.  Usually  there  are  two  leads  sold- 
ered to  each  commutator  bar.  A  break  in  any  one  of  these  leads 
will  he  indicated  hv  a  reduced  deflection  of  the  ammeter,  and  a 
break  in  both  leads  will  be  indicated  by  zero  deflection  of  the 
ammeter  wlien  tlie  metal  brush  touches  the  commutator  segment 
to  which  the  faulty  leads  belong. 

(/')  If  no  broken  lead  is  found  by  test  [a),  a  broken  circuit  in 
the  armature  winding  itself  may  be  located  as  follows:  Connect 
the  low  resistance  battery  through  an  ammeter  to  two  metal 
strips  which  touch  adjacent  commutator  bars,  and  turn  the  arma- 
ture verv  slowlv  bv  hand.  An  armature  section  which  is  broken, 
or  wliich  has  an  abnormallv  hi<jh  resistance,  will  be  indicated  bv 
a  reduced  deflection  of  the  ammeter.  In  this  test  a  short-circuited 
armature  section  will  be  indicated  by  an  increased  ammeter  de- 
flection. 

In  both  of  these  tests  [a)  and  (/;)  the  ammeter  circuit  will  be 
repeatedly  broken  as  the  metal  brush  (or  brushes)  rides  over  the 

*See  paper  on  **  Location  of  Grounds  in  Armatures,  Fields,  etc,"  by  C.  E.  Gif- 
ford,  Trans.  Am.  I.  E   E.^  Vol.  XII.,  pages  260-267. 
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a  iiuulation  between  the  commutator  bars,  and  care  must  be 
;en  to  dUdnguish  these  breaks  from  the  partial  or  complete 
aks  which  may  be  found  while  the  brushes  make  good  con- 
t  with  the  coinmutati>r  bars. 

(i-)  Tat /or  shart-circuU, — A  short-circuited  armature  section 
\y  perhaps  be  best  located  as  follows  :  Pass  a  current  from  a 
Y  through  tlie  armature,  using  the  regular  brushes  of  the 
Then  take  a  very  low  reading  voltmeter  (or  a  galva- 
•).  connect  wire  leads  to  it,  and  touch  thest;  wire  leads 
one  puir  aftcf  another  of  adjacent  commutator  bars.  A  zero 
greatly  reduced  deflection  of  die  voltmeter  indicates  a  short- 
cuitcd  section. 

(rf)  Test  fin'  ground.  —  A  ground  in  the  armature  winding, 
is,  a  connection  between  the  armature  winding  and  the  arma- 
con:  may  be  located  as  follows :  Connect  a  battery  to  the 
bru&hes.  Bring  two  leads  from  a  very  low  reading  voit- 
(or  a  galvanometer)  and  connect  one  of  these  leads  to  the 
in:  shaft  and  the  other  to  one  after  another  of  the  commu- 
if  bars.  A  deflection  of  the  voltmeter  indicates  a  ground,  and 
ground  is  located  near  the  commutator  bar  that  gives  the 
t  deflection. 

5  Rales  for  personal  safety. —  Personal  injur>-  may  result 
of  an  electric  current  through  the  body,  or  from 
due  to  a  short  circuit  of  the  mains  by  a  screw-driver 
metal  tool  held  in  the  hands.  To  avoid  the  first  danger 
body  must  not  be  made  a  portion  of  an  electric  circuit ,  to 
Id  the  Kcond  danger  never  use  a  metal  tool  on  live  wires  as, 
example,  in  the  replacing  of  a  burned  out  fuse. 
To  make  the  body  a  portion  of  an  electric  circuit  requires,  of 
ree,  two  points  of  contact  with  the  body.  To  avoid  this  it  is 
It  to  UK  one  Iiand,  only,  in  manipulating  apparatus  which 
■itncctcd  with  h'vc  wires,  the  other  hand  being  put  in  the 
;kcl  or  held  behJml  the  back.  It  must  not  be  forgotten,  in 
connection,  that  the  greatest  risk  lies  in  making  a  circuit 
11^  the  hand  X\*  the  feet  when  one  stands  on  a  moist  floor 
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and  when  there  is  a  ground  on  one  main.  A  workman  should, 
therefore,  always  stand  on  a  dr>'  wooden  box  or  platform  when 
working  with  live  wires.  Rubber  overshoes,  if  they  are  whole, 
insulate  a  person  effectively  from  the  ground,  and  the  use  of 
rubber  gloves  and  of  tools  with  insulated  handles  is  sometimes 
advisable.  It  is  better,  however,  not  to  use  such  devices  on 
account  of  the  habit  of  carelessness  they  develop. 

The  idea  that  voltages  above  a  certain  minimum,  only,  a.'e 
dangerous  is  erroneous.  Everything  depends  upon  the  nature 
of  the  two  contacts  with  the  body  and  their  proximity.  Voltages 
as  low  as  I  ID  volts  are  dangerous  if  the  contacts  with  the  body 
arc  broad  metal  plates  pressed  against  the  moist  skin. 

;\n  electrical  shock  often  produces  death  indirectly  by  stopping 
the  action  of  the  respiratory  organs,  and  in  every  case  a  prompt 
attiMupt  should  be  made  to  restore  respiration  by  the  method  of 
aititiciiil  breathing  employed  as  a  first  aid  to  a  person  who  is  taken 
iVnin  the  water  in  a  drowning  condition. 

86.  The  operation  of  generators  in  parallel.  —  A  generator  ope- 
utis  at  its  maximum  efficiency  at  or  near  full  load.  Therefore 
wlun  tlu'  total  output  of  a  station  varies  from  hour  to  hour,  as  it 
.il\\a\'.  iloi's  iu  electric  lighting  and  street  railway  ser\ice,  it  is 
^l  .11  jMv"  {o  use  several  i^enerators  which  may  be  put  into  ser- 
XI,,  .,,K  jiivM  the  other  as  the  station  output  increases,  and  dis- 
...nn,  M«»l  »MU'  at'ter  the  other  as  the  station  output  decreases: 
til.    ..l.v  V I  ]^.\\\^\  to  maintain  nearly  full  load  at  all  times  uponthe 

,  ,i..i  .    uliivh   are   in    service.      This  is  especially  advisable 

,,  I,,  n  .  I.  !i    >  ■M.UvM  is  driven  by  a  separate  engine,  inasmuch i^ 

1 1,    .  n   in.  .  i'  ^*  »n.i\  tlien  be  operated  under  the  most  economical 

.,,  I,,,  .,> .       1  !m>.  unv'  v»t*  a  number  of  generating  units  in  a  station 

,     ,1    .    ».In  »Mi  I  •x\>i:'*  \'.\  that  a  spare  unit  (engine  and  generator) 

,,, .,    I.    Ml  I  »".  v'    I',  a  lUxvletate  cost  to  serve  in  case  of  a  break- 

I    ,,.    ,,\,.  ^,  X.   \  ,'.-  ;!v'  xr.wx  station  would  have  to  be  completely 

I,, J. I,    »,  .1  ,.(  ,M^i> «  vv»  pu^Mvlo  for  such  an  emergency. 

\\  t,,  .1  \  Mm»»:«v»  oj  '.!m!!U  vw  eompound  generators  are  installed 
,„   .J    ,\.\\u^\\    r.    iNo\e    v'vplaiuevl   they  are   always  operated  in 
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parallel.     Series  generators  are  seldom  used  in  combination,  but 
when  they  are  so  used  they  are  always  operated  in  series. 

The  proper  division  of  the  total  load  among  a  number  of  shunt 
generators  connected  in  parallel  depends  simply  upon  the  adjust- 
ment of  their  respective  shunt  field  rheostats.  On  the  other  hand, 
a  number  of  compound  gener- 
ators connected  in  parallel  as 
shown  in  Fig.  1 1 1  constitute  an 
unstable  system.  To  obviate 
this  instability  and  ensure  the 
proper  distribution  of  load 
among  a  number  of  compound 
generators  operating  in  parallel, 
the  so-called  cqualiziiig  arrange- 
ment of  connections  is  used. 
This  equalizing  arrangement 
consists  simply  of  the  connection  of  the  series  field  coils  of  all 
the  generators  in  parallel  with  each  other,  independently  of  the 
parallel  connections  of  the  generator  armatures,  as  shown  in  Fig. 
112.     Two  distinct  conditions  must  be  satisfied  by  the  arrange- 


Fig.  m. 


Fig.  112. 


ment  shown  in  Fig.  1 12  to  ensure  the  proper  division  of  the  load 
among  the  several  generators,  namely : 

(a)  Each  compound  generator  must  be  separately  adjusted  to 
give  the  same  degree  of  compounding,  by  means  of  a  German 
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silver  shunt  5  (not  shown  in  Fig.  112)  connected  in  parallel  with 
its  series  field  coil  as  explained  in  Art  50. 

(^)  The  total  resistances  aa! ^  bb'  and  cc\  Fig.  112,  must  be 
inversely  proportional  to  the  full  load  current  outputs  of  the 
respective  generators.  This  ensures  the  proper  division  of  the 
total  current  among  the  several  series  field  coils. 

The  use  of  the  equalizing  arrangement  makes  it  possible  to 
of)erate  in  parallel  compound  generators  which  are  very  different 
in  size  and  in  design. 

The  instability  of  two  or  more  compound  generators  connected 

in  ixirallel  may  be  shown  as  follows :  Consider  two  over-com- 

lH>unded  generators  connected  in  parallel  as  shown  in  Fig.  1 1 1. 

Suppose  that  the  machines  A  and  B  are  running  steadily  and  that 

each  is  giving  half  of  the  total  current  that  is  being  delivered  to 

the  mains.      If  machine  A  then  runs  momentarily  at  a  slightly 

uKTcascd  speed  a  momentary  increase  of  its  induced  electromotive 

liuvc  IS  produced,  which  causes  an  increase  in  the  current  which 

it  delivers  and  a  corresponding  decrease  in  the  current  delivered 

In-    /\*      The  increase  of  load  current  in  machine  A  causes  a 

tuither  increase  of  the  induced  voltage  of  this  machine,  inasmuch 

as  It  IS  uiulerstood  to  be  over-compounded,  and  this  increase  of 

nuUueil  electromotive  force  causes  a  further  increase  of  load  cur- 

\yw\  \\\  A.      At  the  same  time  the  lessened  current  in  B  causes  a 

ilmr.isr  of  its  induced  electromotive  force  which  tends  to  decrea.^ 

»t'.  vuiniii  siill   more,  and   so  on.     This  unequal   distribution  of 

lo.ul  hrtwcen  A  and  B  when  once  started  goes  to  an  extreme  and 

l»  .ul-,  tv»  an  excessive  load  current  in  machine  A  (or  B)  and  a 

»»»;.. ai\ r  loavl  current  in  machine  B  (or  A),  that  is  one  machine  be- 

'  "»ni-,  a  inotvM'  ami  takes  power  from  the  other. 

'  ••  ♦.'.  './/.'#  /"iint-.'s.  —  The  accessoiy  apparatus  belonging  to  each 
*'»»^*  »»t  a  muuher  of  »;cnerators  operating  in  parallel  is  mounted  on 

>  l«»-.  Is  ,hu-  lo  tlu-  lad  that  the  two  machines  form  together  a  closed  circuit  of 
^'  •^  lu>\  iiMst.uut'.  juul  !i  .slight  dilVercnce  in  the  electromotive  forces  of  the  twoin«- 
'  •iiu'.  luiisiH  a  la,^,.  ourrnil  to  flow  around  this  circuit  adding  to  the  load  current  of 
•  luuiluiu-  mul  sul.trncting  from  the  load  current  of  the  other. 
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tch-board  panel,  and  these  panels,  called  generator  panels, 

igcd  side  by  side  as  shown  in  Fig.  113.     The  dotted 

!»cnt  the  panels  and  the  full  lines  represent  the  electrical 

Fig.  1 14  shows  a  special  form  of  switch  for  opening 

bunt  field  circuit  of  a  generator.     This  switch  is  not  shown 

i,  J 13,  inasmuch  as  Fig    113  is  drawn  to  too  small  a  scale. 


||,..„„„_,... 

Wqkir  (haul  Sild  rlwosut*.  •ml  C  •ml  C*  their  series  field  wiudingt.  .S* 
'«cMoUi|ilc-p(ilp  ■■ili;li«>  A'  anil  A"  ace  ammricis,  r*  and  /"an  BinoiFlct 
Mri  Jf  Mtd  B'  UT  circuit  brcaliets.  The  unall  dodcd  circlu  :-'  anri  :■"  anil 
M  Ban  aluw  ■^c  tleclrkal  rooaeclliHia  uf  Ihe  two  voltmeicis  t"  ami  J'". 

II  the  shunt  field  circuit  of  a  dynamo  is  broken  the  current 
lU  in  Aowing  across  tlie  break  in  the  form  of  a  long  arc  or 
1 00  account  i>f  the  great  electrical  momentum  of  a  current 

field  winding  of  nUiny  tunis  of  wire.  This  arc,  occurring 
the  field  switch  isopened,  destroys  the  switch  contacts, 

what  ismore  terious,  the  high  electromotive  force  developed 


Mm, 
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across  the  break  and  between  the  terminals  of  the  field  windingii 
likely  to  puncture  the  insulation  of  the  winding.  The  ansi^ 
ment  shown  in  Fig.  1 14  obviates  these  difficulties  in  the  following 
manner: 

The  two  wires  p  and  />'  connect  to  the  armature  terminals,  the 
field  rheostat  being  placed  in  the  field  circuit  at  any  convenient 
point.  To  open  the  shunt  field 
circuit  the  metal  arm  A  is  tunied 
slowly  to  the  position  A'.  At 
first  the  arm  A  breaks  contact 
with  the  metal  block  6  and  ana- 
nects  the  compatatively  high  re- 
sistance r  in  series  with  the  field 
winding.  This  leaves  the  shunt 
field  circuit  unbroken  so  that  1 
the  current  can  continue  to  flow,  I 
but,  on  account  of  the  high  re- 
sistance r,  the  current  dies  away 
slowly,  and  by  the  time  the  ann 
breaks  contact  with  the  metal  block  a,  the  current  is  already  so 
small  that  serious  arcing  across  the  break  is  obviated. 

Feeder  panels.  —  In  a  large  lighting  or  power  station  a  number 
of  separate  circuits  arc  usually  supplied  with  current  from  a  set 
of  parallel-connected  generators.  Thus  Fig.  1 1  5  shows  the  es- 
sential connections  of  three  compound  generators  in  parallel  sup- 
plying current  to  three  circuits  F,  G  and  H.  The  pairs  of  wires 
F,  G  and  //  are  called  feeders.  The  apparatus  for  controlling 
the  feeders  is  usually  mounted  upon  one  or  more  switch-board 
panels,  called  feeder  panels.  These  feeder  panels  are  arranged 
along  side  of  the  generator  panels,  and  the  -f-  and  —  bus  bars 
run  along  behind  all  of  the  panels. 

Fig.  1 16  shows  a  front,  back  and  side  elevation,  and  the  dia- 
gram connections  of  a  feeder  panel  designed  by  the  General 
Electric  Company  for  two  pairs  of  feeders.  Each  feeder  circuit 
is  controlled  by  a  double-pole  switch  aiid  a  circuit  breaker,  and  an 
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aminetH  is  arranged  to  indicate  the  current  delivered  to  each 
pair  of  feeders.  In  the  diagram  of  connections  in  Fig,  1 16  each 
ammeter  is  shown  as  a  millivoltmeter  connected  to  a  shunt,  and 

an  arrangement  is  provided  whereby  each  millivoltmeter  can  be 
connected  across  the  bus  bars  in  series  with  a  high  resistance  so 
as  to  ser\'e  as  a  voltmeter.  The  four  short  lines  at  the  bottom 
of  the  diagram  of  connections  in  Fig.  1 1 6  are  the  feeders. 

Fig.  117  is  a  front  view  of  a  complete  switch-board,  of  the 
General  Electric  Company's  design,  consisting  of  two  generator 
panels  and  two  feeder  panels,  and  Fig.  1 1 8  is  a  back  view  of  tiie 


Fig.   lis. 

same.  The  large  horizontal  bars  shown  near  the  top  in  Fig.  1 1 8 
are  the  bus  bars.  The  detills  of  one  of  the  generator  panels 
(except  the  circuit  breaker  at  the  top)  are  given  in  Fig.  119. 
which  shows  a  front,  back,  and  side  elevation  of  the  panel  and  a 
diagram  of  the  connections.  This  panel  is  shown  without  a  volt- 
meter, and  the  "potential  buses"  are  simply  voltmeter  leads 
running  along  back  of  the  switch-board,  so  that  a  single  volt- 
meter placed  anywhere  on  the  board  may  be  connected  through 
ttiese  •'  potential  buses  "  to  anj-  machine,  or  to  any  pair  of  feed- 
ers, at  will,  by  means  of  a  plug  switch  which  is  pushed  into  the 
"receptacle."  Fig.  1 19  shows  a  pair  of  fuses  instead  of  a  circuit 
breaker  for  protecting  the  generator.     The  ammeter  is  shnwn  in 
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E  mil  I  i  voltmeter  connected  to  a  shunt  and  abo  ar- 
e  connected  tlirough  a  high  resistance  to  the  bus  bars 
t  it  may  be  used  as  a  voltmeter  if  desired.  The  dotted 
1  tlje  diagram  of  coniiecdons  in  Fig.  1 1 9  show  a  voltmeter 
n  the  panel)  which  may  be  connected  either  to  the  main 
ITS  or  to  the  "  potential  buses." 

;  aC  the  feeder  panels  in  Fig.    1 1 7,  having  eight  two-pole 
es,  controls  eight  pairs  of  feeders  and  the  otlicr  controls 


liis  of  feeders.  TTic  feeders  on  lK)lh  of  these  [Kincls  .ire  pro- 
1  not  by  drcidt  breakers  bwt  by  fuses  as  shown  in  Fig,  1 20. 
I  Spue  pvea  a  front,  back,  and  side  elevation  and  a  diagram 
IS  of  that  panirl  in  Fig.  1 1 7  which  controls  eight  i«irs 
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or  feeders.  The  eight  pairs  of  feeders  in  tJie  diagram  of  connec- 
tions in  Fig.  1 20  are  tlie  short  vertical  lines  beneath  the  sixteen 
small  semi-drcles  which  represent  the  fuses.  Two  lamps  and  a 
ground  connection  are  provided  on  the  panel  shown  in  Fig.  120 
for  use  as  a  ground  detector  as  explained  in  a  subsequent  article. 
87.  Starting  and  stopping  of  generators  which  are  operated  ia 
parallel.  —  The  first  t^t-ncratar  tliat  is  put  into  operation  is  started 


as  explained  in  Art.  82.     After  the  first  generator,  say  (P^'\ 
113.  is  ill  operation,  tlie  others  arc  started  one  at  a  time,  as  5 
lows  :    The  driving  engine  is  started  and  the  generator,  C7",  Fig. 
1 13,  is  slowly  brought  up  to  full  speed.     The  shunt  field  switch, 
Fig.  1 14,  is  ihcn  closctf  and  the  machine  is  brought  up  to  a 
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2  equal  to  that  of  the  generator  or  generators  already  in  opera- 
n.  by  adjusting  the  shunt  field  rheostat,  R",  Fig,  1 13.  Then 
:  triple-pole  switch  S"  is  closed  and  the  field  rheostat  R"  ts 
un  finally  adjusted  to  make  the  generator  G"  take  its  share  of 
:  load. 


^ 

^ 

— 

^ 

ISO 
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If  on  starting  the  generator  G" ,  it  should  build  up  in  a  revers 
irectioii,  which  is  somedmes  the  case,  then  the  closing  of  t 
witch  S"  would  be  disastrous,  inasmuch  as  the  two  generalo 
r'  and  G"  would  act  together  to  produce  an  excessive  cum 
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through  the  local  drcuit  formed  by  the  two  machines.  It  is, 
therefore,  very  important,  in  starting  a  generator  which  is  to  be 
connected  in  parallel  with  othcr-s  already  in  operation,  to  be  sure 
fhat  the  generator  builds  up  in  the  proper  direction.  This  con- 
dition is  ensured  [a)  by  leaving  the  series  field  coils  permanently 
connected  in  circuit,  as  explained  below,  or  (6)  by  connecting  the 
mt  field  windings  of  the  generators,  not  to  tlie  brushes  of  the 
respective  machines,  as  shown  in  Figs,  iii,  112,  113  and  119, 
but  to  the  bus  bars.     This  is  called  "bus  excitation." 

Never  open  the  shunt  field  switch  of  a  generator  which  is 
operating  in  parallel  with  others.  To  do  this  makes  the  genera- 
tor armature  a  short-circuit  for  the  other  machines  and  the  arma- 
ture is  hkely  to  be  burned  out. 

To  stop  a  generator  which  is  operating  in  parallel  with  others 
increase  the  resistance  in  its  shunt  field  circuit  by  manipulating 
hs  shunt  field  rheostat  until  its  load  is  very  small  as  indicated  by 
the  ammeter.  Then  open  the  triple  pole  switch  belonging  to  the 
generator,  and  stop  the  driving  engine. 

Feeder  control.  —  A  central  station  usually  delivers  current 
over  a  number  of  feeder  circuits  to  a  number  of  "  distributing 
points,"  from  each  of  which  a  small  district  is  supplied  with  cur- 
rent through  a  network  of  mains.  It  is  de.sirable,  especially  in 
the  distribution  of  current  for  incandescent  lighting,  to  maintain 
an  unchanging  voltage  at  every  distribution  point.  The  impor- 
tance of  this  requirement  -s  due  to  the  fact  that  a  slight  excess 
of  voltage  shortens  the  life  of  incandescent  lamps,  and  that  a 
^ght  deficiency  of  voltage  greatly  reduces  their  candle  power. 

A  constant  voltage  can  be  maintained  at  any  one  of  a  number 
r  centers  of  distribution  by  proper  adjustment  of  the  voltage 
between  the  bus  bars  at  the  station  ;  but  to  maintain  constant 
roltages  at  two  or  more  independent  centers  of  distribution  tke 
Village  between  each  pair  of  feeders  at  the  station  tiiust  f>e  adjusted 
^arately.  Let  A  and  B  be  the  constant  voltages  to  be  main- 
ined  at  two  centers  a  and  b,  R  the  resistance  of  the  a  feeders, 
*  tiw  resistance  of  the  b  feeders,  /  the  current  demanded  at  a. 
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and  /'  the  current  demanded  at  *.  Then  A  +  RI  is  the  neces- 
sar>'  voltage  between  the  a  feeders  at  the  station,  and  B  -f  R  F  is 
the  necessar>'  voltage  between  the  b  feeders  at  the  station,  and. 
since  /  and  /'  \'ary  indqiendentiy,  A  +  RI  cannot  in  general  be 
equal  to  ^-h^'/'. 

The  maintenance  of  a  prescribed  constant  voltage  at  each 
center  of  distribution  depends  upon  the  proper  control  of  the 
voltage  between  each  pair  of  feeders  at  the  suitch  board.  The 
following  methods  oi  feeder  control  are  feasible  in  direct-current 
stations.  Methods  of  feeder  control  employed  in  alternating  sta- 
tions are  described  in  a  subsequent  volume  of  this  text 

(i)  Rheostat  method.  One  method  of  feeder  control  is  to 
insert  a  low  resistance  rheostat  in  each  feeder  circuit  at  the  switch 
board,  to  keep  the  voltage  bet\%-een  the  bus  bars  at  the  highest 
value  required  by  any  of  the  feeders,  and  to  lower  the  voltage 
between  each  pair  of  feeders  to  the  desired  value  by  adjusting 
these  rheostats. 

(2)  Combination  three  bus  and  rheostat  method.     The  rheo- 
stat method  of  feeder  control  involves  a  considerable  loss  of  en- 
ergA-  in  the  rheostats  when  many  of  the  feeders  require  voltages 
much  below  the  bus  bar  voltage.     This  loss  of  energy  may  be 
greatly  reduced  by  operating  the  generators  in  two  independent 
sets,  each  set  consisting  of  one  or  more  generators  operating  in 
parallel,  so  that  one  set  may  be  operated  at  a  voltage  somewhat 
higher  than  that  of  the  other  set.     Then  all  of  the  feeders  requir- 
ing higher  voltages  may  be  supplied  from  the  first  set  of  gener- 
ators,  and  all  of  the  feeders  requiring  lower  voltages  maybe  sup-- 
plied  from  the  second  set  of  generators.     In  this  arrangement  th^ 
controlling    rheostats  for  adjusting  the  feeder  voltages  to  th^ 
exact  desired  values  absorb  but  little  power. 

The  operation  of  the  generators  in  two  independent  sets  required 
onlv  three  bus  bars  inasmuch  as  one  bus  bar  can  serve  as  th^ 
common  positive  (or  negative)  terminal  of  all  of  the  generators. 

When  the  combination  method  of  feeder  control  is  used,  one 
r  of  each  pair  of  feeders  is  connected  to  the  common  positive 
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(or  negative)  bus  bar,  and  the  other  wire  is  connected  to  a  cliange- 
over  switch,  so  that  it  may  be  connected  at  will  to  either  of  the 
two  negative  (or  positive)  bus  bars.  Arrangements  must  also  be  ' 
provided  for  quickly  altering  the  connections  on  the  switch  board 
so  that  any  given  generator  may  be  operated  with  either  set  of 
generators  at  will. 

(3)  The  booster  method.  A  tliird  method  of  feeder  control  is 
to  connect  an  auxiliary  generator  in  series  with  each  feeder  cir- 
cuit at  the  station,  so  that  by  changing  the  field  excitation  of  this 
generator  the  feeder  voltage  may  be  raised  to  any  desired  extent 
above  the  bus  bar  voltage.  This  method  of  feeder  control  is  not 
adapted  to  a  direct  current  lighting  station  where  the  feeder  vol- 
tages differ  from  the  bus  bar  voltage  by  only  a  few  volts,  inas- 
much as  the  auxiliary  generators  would  be  too  expensive  and  the 
losses  of  power  would  be  excessive,  much  greater  perhaps  than 
in  the  simple  rheostat  method  of  feeder  control.  The  booster 
method  is,  however,  frequendy  used  in  electric  railway  power 
stations.  For  example,  suppose  that  a  power  station  is  erected 
for  supplying  current  to  four  or  five  miles  of  electric  railway,  and 
suppose  that  it  becomes  necessary  to  supply  current  from  this 
station  to  an  extension  of  the  railway.  In  s\ich  a  case  either  an 
excessive  amount  of  capital  must  be  invested  in  a  heavy  copper 
feeder,  or  a  very  large  drop  amounting  to  one  or  two  hundred 
volts  must  be  permitted.  The  latter  alternative  is  usually  chosen 
and  it  is  desirable  to  make  up  for  the  excessive  voltage  drop  by 
■creasing  t!ie  feeder  voltage  at  the  station.  This  is  done  by  con- 
lecting  the  armature  of  a  one  or  two  hundred  volt  generator  in 
feeder  circuit  at  the  station.  This  auxiliary  generator,  which 
tniay  be  either  engine  or  motor  driven,  is  called  a  Iwostfr.  The 
loostcr  used  as  here  described  would  have  series  field  excitation, 
that  its  electromotive  force  would  be  roughly  proportional  to 
le  current  flowing  through  it,  thus  keeping  the  voltage  at  the 
istant  end  of  the  feeder  circuit  approximately  constant  irrespec- 
iTthe  amount  of  current  delivered. 
le  uae  of  the  booster  as  outlined  in  the  above  example  would 
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be  commercially  economical  in  spite  of  the  great  loss  of  power  in 
the  feeder,  if  the  demand  for  power  at  the  distant  section  of  the 
railway  lasts  but  two  or  three  hours  each  day,  otherwise  the  use 
of  the  booster  should  be  looked  upon  as  a  temporary  expedient, 
inasmuch  as  a  continuous  loss  of  power  in  the  feeder  might  war- 
rant either  the  use  of  a  much  larger  feeder  or  the  installation  of 
the  alternating-current  long-distance  transmission  system  which 
is  described  in  a  subsequent  volume  of  this  text. 

Modifications  of  the  connections  slioum  in  Figs.  112,  iij  and 
11^.  —  It  is  sometimes  considered  desirable  to  leave  the  series 
field  windings  of  all  the  compound  generators  which  operate  in 
parallel  as  a  set,  always  in  circuit,  whether  all  of  the  generators 
are  delivering  current  or  not.  One  reason  for  this  may  be  best 
explained  by  an  example. 

Given  two  similar  compound  generators  arranged  for  parallel 
operation.     Suppose  that  it  is  desired  to  provide  a  ten  per  cent, 
increase  of  voltage  at  the  station  at  full-load  to  compensate  for  a 
ten  per  cent,  line  drop  at  full-load  so  as  to  provide  for  a  constant 
voltage  at  the  end  of  the  line,  that  is,  at  the  lamps.      Now  if  the 
station  output  is  half  full-load  value  (equal  to  full-load  on  one 
machine),  it  is  not  desirable  to  have  the  voltage  more  than  five 
per  cent,  in  excess  of  the  zero-load  value.      But  if  this  half  of  full 
station  load  is  carried  by  one  generator  and  if  the  series  field  coil 
of  the  other  is  disconnected,  then  the  full  current  output  will  flow 
through  the  series  field  coil  of  the  generator  which  is  in  action, 
and  this  generator  will  give  its  normal  full-load  voltage  which  is 
ten  per  cent,  in  excess  of  the  zero-load  voltage.      If,  on  the  other 
hand,  both  series  field  coils  are  left  connected,  then  only  one  half 
of  the  current  output  of  the  station  (and  of  the  one  generator) 
flows  through  each  series  field  coil  and  the  voltage  does  not  rise  to 
1 10  per  cent,  of  the  zero-load  value,  nor  indeed  to  105  per  cent, 
for  that  matter.     See  problems  on  Chapter  VII. 

Another  advantage  of  leaving  all  the  series  field  coils  perma- 
nently in  circuit  is  that  the  field  excitation  due  to  these  coils  always 
causes  each  generator  to  build  up  in  the  right  direction  at  start- 
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A  third  advantage  of  leaving  the  series  field  coils  pcrma- 

itly  in  circuit  is  that  the  series  field  excitalioii  is  not  suddenly 

Idcd  to  the  shunt  lield  excitation  on  closing  the  switch,     In  tliis 

e  the  newly  connected  machine  does  not  take  any  appreciable 

d  until  its  shunt  field  rheostat  is  adjusted  after  the  machine  is 

inectcd.     On  the  other  haiid,  the  series  field  coils  being  dis- 

inncctcd  and  the  machine  being  of  course  brought  up  to  the 

ill  sution  voltage  by  the   shunt   field  excitation   before    it   is 

DnnecCed.  the  sudden  increase  of  its  field  excitation  which  is 

roduccd  by  connecting  the  series  field  coil,  tends  to  make  it  take 

.  load  suddenly,  and  perhaps  to  make  its  load  excessive  until 

e  shunt  field  rheostat  is  again  adjusted. 

When  the  scries  field  coils  of  all  the  generators  are  left  per- 
utently  in  circuit,  the  main  switches  S'  and  S".  Fig.  1 1 3,  are  of 
Durse  two-pole  switches,  and  each  series  field  coil  is  provided 
ith  3  singlc-i>ole  switch  for  opening  or  closing  its  circuit  at  will ; 
It  the  procedure  in  starting  is  essentially  as  above  described. 
M.  The  operation  test.  —  Most  electric  stations  and  equipments 
c  installed  under  contracts  which  are  completed  only  when  the 
ition  or  equipment  has  been  put  into  satisfactory  operation  by 
e  constructing  engineer.  This  of  course  implies  an  operation 
It  of  the  electrical  installation  under  the  supervision  of  the  con- 
ructing  engineer.  This  test  is  a  most  important  one,  inasmuch 
it  frequently  brings  to  tight  essential  details  which  have  bc*en 
rcrlookcd,  and  inasmuch  as  it  gives  an  opportunity  for  the 
who  is  to  take  charge  of  the  apparatus  to  work  for  several 
under  tlie  direction  of  a  more  experienced  engineer.  The 
ition  tert  is  carried  out  by  following  the  procedure  involved 
the  regular  management  of  the  installation  as  explained  in  the 
peginng  article*,  tlie  various  machines  being  started  with  the 
no«t  caution  and  a  sharp  watch  being  kept  for  symptoms  indic- 
vc  of  trouble. 

TTkf  pfrfii-maHct  lest.  —  Aside  f«)m  the  testing  of  individual 
to  make  sure  that  they  meet  the  guaranteed  regulation 
Art.  4])).  efficient)- (see  Arts.  64.65  and  6^),  and  rating 
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(see  Art.  75),  it  is  usual  to  make  a  test  of  a  completed  station, 
including  boilers  and  engines  to  determine  the  economy  of  the 
station  as  a  whole  to  make  sure  that  a  certain  station  economy,  if 
guaranteed,  is  realized. 

89.  Ammeters.  —  An  ammeter  is  a  galvanometer  with  a  pointer 
which  plays  over  a  divided  scale  and  indicates,  directly,  the  value 
of  the  current  flowing  through  the  instrument.  In  many  cases  a 
small  but  definite  fractional  part,  only,  of  the  current  flows  through 
the  ammeter,  the  remainder  flowing  through  a  low  resistance 
shunt.  The  numbers  on  the  ammeter  scale  may  be  made  to  give 
the  value  of  the  total  current  including  that  which  flows  through 
the  shunt.  If  desired,  the  instrument  may  be  provided  vnth 
several  interchangeable  shunts  of  different  resistances,  so  that  the 
instrument  may  be  used  to  measure  large  or  small  currents  at 
will.  In  such  a  case  the  scale  readings  must  be  multiplied  by  a 
factor  to  give  the  total  current,  and  this  factor  has  a  large  value 
for  a  low  resistance  shunt  and  a  small  value  for  a  high  resistance 
shunt. 

There  are  five  distinct  types  of  ammeters,  namely  : 

{a)  The  tangent-galvanometer  type  in  which  the  pointer  is  at- 
tached to  a  small  permanent  magnet  which  is  deflected  by  the 
current  to  be  indicated.     This  type  is  now  seldom  used. 

(d)  The  D'Arsonval-galvanometer  type  in  which  the  current 
to  be  indicated  (or  a  definite  fractional  part  of  it)  flows  through  a 
small  suspended  or  pivoted  coil  which  is  deflected  by  a  perman- 
ent steel  magnet.  The  pointer  is  attached  to  the  pivoted  coil 
This  type  is  much  used  for  precision  ammeters  for  direct  currents. 
The  Weston  direct-current  ammeters  are  of  this  type. 

((•)  The  electrodynamometer  type,  in  which  the  current  to  be 
indicated  (or  a  definite  fractional  part  of  it)  flows  through  a 
stationary  coil  and  a  movable  (pivoted)  coil  connected  in  series. 
The  force  action  between  the  two  coils  deflects  the  pivoted  coil 
and  causes  an  attached  pointer  to  play  over  a  divided  scale.  This 
type  is  much  used  for  precision  ammeters  for  alternating  current; 
it  is  suitable  also  for  direct  current,  but  it  has  the  disadvantage 
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Ikattbc  deflecting  forces  are  small,  so  that  the  instrument  must 
very  finely  coiistrucled.  Another  disadvantage  of  this  type 
icn  used  for  ilirecl  currents  is  that  the  direction  of  deflection  is 
[  reversed  by  a  reversal  of  the  current. 

((/)  The  hot  wire  t>'pe  in  which  the  current  to  be  indicated 
through  a  line  H-ire.  which  by  its  rise  of  temperature  and 
;qucnt  expansion,  actuates  a  pointer  which  plays  over  a 
ridcd  scale.  This  type  of  instrument,  although  very  cheap  in 
Bstruction.  has  not  yet  come  into  very  general  use  on  account 
its  inconstancy. 

i(f)  The  plunger  type.  This  type  includes  all  of  tlie  great 
ict>'  of  ammeters  in  which  a  piece  of  soft  iron  is  magnetised 
I  deflected  by  a  coil  of  wHrc  through  which  the  current  to  be 
dicatcd.  flows.  The  simplest  form  of  the  plunger  type  of 
ictcr  b  that  from  which  it  takes  its  name,  namely  a  coil  of 
and  a  soft  iron  plunger  which  is  drawn  into  the  coil  by  the 
t,  in  opposition  to  the  pull  of  a  spring  ur  to  the  pull  of 
m-ity.  In  the  most  approved  form  of  plunger  ammeter  a  soft 
Hme  is  attached  to  a  pivot  which  is  controlled  by  hair 
|lRng»,  af>d  the  in.strument  is  so  designed  as  to  magnetize  the 
iron  vane  strongly,  even  when  the  current  to  be  indicated  is 
small  fraction  of  that  which  gives  a  full  deflection  of  tlic  instru- 
This  accomplishes  the  double  purpt>sc  of  making  the 
more  nearly  proportional  to  the  current,  and  of 
the  errors  due  to  magnetic  hysteresis,  that  is,  to  the 
Itdency  of  the  iron  vane  to  retain  its  magnetism  with  a  dccrcas- 

cuncnL 

The  plunger  type  of  instrument  is  used  more  than  any  other 
9«itch-boards.  especially  for  alternating  currents.  As  a  direct- 
instrument  it  has  the  disadvantage  that  tlic  direction  of 
deflection  is  not  reversed  by  a  reversal  of  the  current. 
90.  Vtftmeters.  —  The  voltmeter  is  a  high-resislancc  ammeter, 
^cale  of  which,  instead  of  giving  the  value  i  of  the  current 
Dwing  through  the  instrument,  gives  the  value  of  the  electro- 
Itive  force  n  between  the  terminals  of  the  instrument,  r  being 
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the  resistance  of  the  instrument  There  is  but  one  type  of  volt- 
meter, namely,  the  electrostatic  voltmeter,  which  is  not  essentially 
an  ammeter.  In  this  instrument  the  electromotive  force  to  be 
indicated  is  connected  to  two  insulated  metal  plates.  The  plates 
then  attract  each  other,  and  one  plate  which  is  delicately  sus- 
pended carries  a  pointer  which  plays  over  a  divided  scale. 

From  the  above  statement  it  might  seem  that  there  is  no  differ- 
ence between  ammeters  and  voltmeters,  whereas  the  failure  on  the 
part  of  a  novice  to  appreciate  the  very  important  difference  leads 
to  many  serious  accidents  in  the  laboratory.  An  ammeter,  includ- 
ing its  shunt,  always  has  a  very  low  resistance,  so  that  when  it  is 
placed  in  a  circuit  the  current  may  flow  through  the  instrument 
with  the  least  possible  opposition  due  to  its  resistance.  A  volt- 
meter, on  the  other  hand,  is  always  designed  to  give  its  full  deflec- 
tion with  a  very  small  current,  and  its  resistance  is  therefore 
always  high.  When  the  instrument  is  connected  to  the  terminals 
of  a  dynamo  or  to  supply  mains  the  current  which  it  takes  is  so 
small  that  its  effect  on  the  system  is  negligibly  small. 

The  tangent-galvanometer  type  of  voltmeter  is  seldom  used. 
The  D'Arsonval  galvanometer  t}'pe  is  frequently  used  for  direct 
current  circuits.  The  electrodynamometer  type  of  voltmeter  is 
used  for  precision  measurements  of  alternating  voltages.  The 
plunger  type  is  most  frequently  used  for  switch-board  instru- 
ments, especially  for  alternating  currents. 

]\^ltmctir  imdtiplyijig  coils.  —  If  an  auxiliary  resistance  be  con- 
nected in  series  with  a  voltmeter,  the  instrument  still  indicates  the 
electromotive  force  between  its  terminals,  and  the  total  electro- 
motive force  which  is  forcing  current  through  the  auxiliary  resist- 
ance and  the  instrument  is  greater  than  the  electromotive  force 
indicated  b}'  the  instrument  in  the  ratio   (r  -h  i?)/r,   where  r  is  the 
resistance  of  the  instrument  and  R  is  the  auxiliar>^  resistance. 
This  auxiliary  resistance  is  called  a  multiplying  coil.      Multiplying 
coils  are  frequently  used  in  this  way  to  adapt  a  low  reading  volt- 
meter to  higher  voltages. 

91.  The  wattmeter.  —  Power  delivered  by  direct-current  mains 
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Iculated  from  ammeter  and  voltmeter  readings.  This 
ioS'w  not  however  applicable  in  case  of  alternating  current 
Bethod  for  measuring  power  wliicli  is  always  applicable  is  by 
ns  of  the  wattmeter.  The  wattmeter  is  a  special  form  of 
tni-dynamomcter.  the  connections  of  which  are  shown  in  Fig' 
A  coil  of  fine  wire.  A,  is  connected  to  the  mains  in  series 
with  a  non-inductive  resistance  A". 
This  fine  wire  coil  A  is  delicately 
suspended  inside  of  a  stationary 
coarse  wire  coil,  B,  through  which 
flows  the  current  that  is  delivered 
to  the  lamps  or  other  receiving 
units  L.  The  force  action  between 
the  two  coils  A  and  /!  is  definite 
for  a  definite  value  of  power  de- 
iltage  high  and  the  current  small,  or  tlie 
Therefore  the  deflection  of 


0000 


Kd  lo  iC,  be  the  \ 

■ge  low  and  the  current  large. 

movable  coil.  A,  depends  only  upon  the  power  delivered,  so 

[  the  scale  of  the  instrument  may  be  arranged   to  indicate 

ts  directly.     The  wattmeter  is  sometimes  called  the  indicating 

bncter  to  distinguish  it  from  the  watt-hour  meter  which  Ls 

IctimeA  improperly  called  a  recording  wattmeter. 

i  WAtlmeter  connected  as  shown   in   Fig.  131,  indicates  the 


^^^ 


r  delivered  to  L  plus  the  power  lost  in  heating  the  coil  li. 
I  Uic  other  hand,  a  wa'ttmeter  connected  as  shown  in  Fig.  1 22 
s  ^he  power  delivered  to  L  plus  the  power  delivered  to  the 
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circuit  AR.  The  compensated  wattmeter  of  the  Weston  Elec- 
trical Instrument  Company  is  designed  to  eliminate  these  sources 
of  error.  This  wattmeter  is  connected  as  shown  in  Fig.  122,  but 
the  wire  leading  to  the  coil  A  is  carried  back  through  the  coU  B 
a}id  laid  alongside  of  tlic  windings  of  B  as  shown  in  Fig,  I2j. 

Let  /  be  the  current  flowing  through  Z,  Fig.  122  ;  let  i?  be  the  voltage  betwien 
the  terminals  of  L,  and  let  1  be  the  current  flowing  through  A  and  /^.  Then  the 
current  flowing  through  B  is  {/ -\-  t),  and  the  force  action  between  the  two  coils  is 
proportional  to  1  X  (-^-f  ')•  ^X  laying  the  fine  wire  along  side  of  the  coarse  vi\k  in 
coil  Bf  as  shown  in  Fig.  123,  the  electromagnetic  action  of  coil  B  is  reduced  to  what 
it  would  be  if  the  current  /,  only,  were  flowing  in  it,  so  that  the  force  action  between 
the  two  coils  in  Fig.  123  is  proportional  to  1  X  A  or  to  £l/^y^/,  or  to  £/,  That  is, 
the  force  action  is  proportional  to  the  power  delivered  to  Z  so  that  the  soile  may  be 
arranged  to  indicate  this  power  correctly. 

92.  The  watt-hour  meter  is  an  instrument  for  summing  up  or 
integrating  the  total  work  or  energy  delivered  to  a  circuit.  It  is 
used  chiefly  as  a  meter  for  recording  the  amount  of  energy  de- 
livered to  a  customer  by  a  central  station.     The  Thomson  watt- 


hour  meter  of  the  General  Electric  Company  is  suitable  for  both 
direct  and  alternating  current  service  ;  the  induction  watt-hour 
meter  is  suitable  only  for  alternating  current  service.  The  induc- 
tion watt-hour  meter  is  described  in  a  later  volume  of  this  text 
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The  Thomson  meter  is  a  small  electric  motor  without  iron,  the 

mature  and   field   coils  of   which   constitute   an   electrodyna- 

ometer.     It  is  connected  to  the  mains  and  to  the  receiving  cir- 

Liit  in  the  same  way  as  the  wattmeter  shown  in  Fig.  122.     The 

eld  coils,  BB,  Fig.  1 24,  of  this  motor  correspond  to  the  coil  B, 

ig.  I  22.  and  the  armature  A  and  non-inductive  resistance  R, 

ig.  1 24,  correspond  to  the  coil  A  and  the  resistance  R  of  Fig. 

2.     Current  is  led  into  the  rotating  armature  A  by  means  of 

;  metal  brushes  dd   which  rub  very  lightly  upon  a  small  silver 

Emunutator  e.     The  armature  A  is  mounted  on  a  vertical  spindle 

hich  is  as  nearly  frictionlcss  as  possible,  and  the  opposition  to 

ttation  is  due  mostly  to  the  electromagnetic  drag  of  the  per- 

lanent  steel  magnets    MM  upon  the  copper  disk  /  which   is 

Etached  to  tlie  armature  spindle. 

3TU  inlfgraling  aetion  0I  the  wnlt-hnur  meter  Js  as  lullow; :  In  \he  lirst  place, 

S  Mniatiire  rolalcs  at  a  tpc«l  which  i>  proportional  10  Ihc  driving  loique,  Ikcbusc 

•  retardinfi  ton|uir  with  which  (he  nisgneU   Af.V  act  upon  tUtdhk/.  h  proportion«l 

tbe  speed,     In  the  kcoikI  plnce,  the  diiving  lorciuc  is  pToportiunal  to   £/  eiaclly 

ma  ID  the  cue  of  Ihe  force  acliun  lieCween  ihe  cuib  of  u  wntliucler  as  eipluineil   In 

An.  91.      Thercforr,  ihc  speed  of  the  nmialure  is  proportional  at  enrh  instant  lo  llip 

pnwel  dclivetrd  l  lh«t  il  the  tevoluLions  per  hour  of  the  spindle  is  proportionnl  nl 

«:h  Instant  to  the  watt  hours  of  work  delivere<l  per  hour,  so  that  the  total  number 

rnvolulions  of  the  spindle  in  a  pven  time  is  proportional  (..  the  wnll-hours  of  work 

liiered  during  til  at  Ihne, 

nr  MtiiH!:  toil.— In  the  alove  discussion   it  is  auumed  that  the  torque  which 

m  of  the  armature  is  proportional  to  [he  speed,      This  is  nol  striclly 

IS  the  retiirdlng  t(,rt|ue  consists  of  two  parts,  namely,  mechanicnl  fric- 

is  nearly  conalanl  irrespective  of  speed,  and  electromagnetic  drag  which  is 

speed.     If  H  constant  driving  torque  in  nddilion  lo  the 

Jf  the   two  coils  ^  «nd  H  could  !«;  provide.1  lo  overcome 

le  speed  of  the  meter  would  \v  jiroporlional  to  the  deliv- 

r,  «>d  the  indications  of  (he  instrument  would  be  more  nearly  correct. 

mplished  m  the  Thomson  meter  by  using  an  nn»iliary  field  coil  having  a 

n  circuit  with  A  and  R,  Fijs.  im  and  114.     This 

ing  coil,  and  if  the  eleclromolive  force  between  the  mains  is  nearly 

le  current  through  ihii  starting  coil  and  through  .■*  and  R  is  nearly  con- 

n  ipproiirnately  constant  driving  lorque  is  produced  by  the  electromagnetic 

.  yt»e«  and  circuit  breakers.  —  A  fuse  is  a  link  of  fusible 
placed  in  an  electric  circuit  so  that  when  the  current  ex- 
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ceeds  a  certain  value,  the  link  is  heated  to  its  fusing  point,  is 
melted,  and  thereby  causes  the  circuit  to  be  broken.  Fuse  wire  is 
generally  made  of  an  alloy  of  tin  and  lead  and  it* is  rated  at 
about  80  per  cent,  of  the  greatest  current  it  can  carry  for  an 
indefinite  time.  Thus  a  rated  lo-ampere  fuse  wire  is  one  which 
can  carry  no  more  than  12.5  amperes  steadily  without  melting. 
The  melting  of  a  fuse  link  is  always  followed  by  an  electric 
arc  which,  although  of  short  duration,  generates  a  quantity  of 
hot  vapor,  the  sudden  expansion  of  which  tends  to  scatter  the 
melted  metal.  This  blowing  of  a  fuse,  as  it  is  called,  is  likely  to 
set  fire  to  nearby  inflammable  materials,  and  therefore  a  fuse  link 
should   always   be    enclosed   in   a   fire-proof   receptacle.     This 

receptacle  is  usually  made  of  porcelain.     Furthermore,  when  tvio 

« 

fuse  links  are  mounted  side  by  side,  as  shown  in  Fig.  69,  they 
should  be  placed  in  separate  compartments  in  the  porcelain  re- 
ceptacle so  that  the  arc  cannot  flash  across  and  short-circuit  the 
mains.  A  fuse  link  is  sometimes  enclosed  in  a  fire-proof  tube  of 
insulating  material. 

Fuse  wire  or  a  fuse  link  is  more  or  less  sluggish  in  action 
inasmuch  as  a  considerable  amount  of  heat  is  required  to  raise 
llic  temperature  of  the  wire  or  link  to  the  fusing  point.  This  is 
especially  true  of  large  fuse  links.  Furthermore,  the  amount  of 
current  that  a  fuse  link  will  carry  steadily  without  melting  varies 
jn-catly  with  the  mode  of  mounting.  Thus  a  fuse  link  lying  flat 
ai'.ainst  the  porcelain  of  a  receptacle  is  cooled  thereby,  and  its 
i  Mircnt  carr>M'ng  capacity  is  therefore  increased ;  again  a  fuse  link 
will.  Ii  is  mounted  in  a  thoroughly  ventilated  receptacle  has  a 
jM cater  current  carrying  capacity  than  it  would  have  if  mounted 
in  a  i((  cptacle  which  does  not  permit  of  the  circulation  of  air. 

The  icrnu'nals  to  which  the  fuse  wire  or  link  is  connected 
al.snrl)  considerable  heat,  and  therefore  influence  the  rating  of  a 
lii'.r  i,(  i;ivcn  size,  especially  if  the  fuse  is  short. 

I' Ml    the  above  reasons  the  rating  of  a  fuse  is  a  somewhat  in- 

(Irlinil<r  and  uncertain  matter. 

'////•  t'/trtromnjir,n'tic  circuit  breaker,  on  the  other  hand,  is  very 
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1  and  when  once  adjusted,  it  is  opened  by  a  cur- 
cf  a  perfectly  definite  value.  The  electromagnetic  circuit 
kcr  has  the  further  great  advantage  over  a  fuse  link  in  that 
ecD'ons  can  be  reestablished  at  once  after  the  circuit  has  been 
cd  by  an  excess  of  current,  whereas  the  replacing  of  a  fuse 
tedious  operation  and  it  is  attended  by  serious  risk  as  ^x- 
ed  in  Art.  85. 

IC  circuit  breaker  is  a  metat  switch,  .single-pole  or  doublc- 
wMch  is  arranged  to  open  automatically  when  the  current 
excxxs  of  a  certain  value.  The  closing  of  this  switch  puts 
mg  spring  in  tension  tending  to  open  it  The  switch  is 
closed  b>-  a  latch  which  is  controlled  by  a  trigger,  and  this 
tr  is  released  by  an  electromagnet  (through  which  the  main 
nt  flows)  when  the  current  reaches  a  certain  value. 
ksmucb  as  a  circuit  breaker  ahvays  opens  when  an  excessive 
at  Aows,  it  is  evident  that  an  intense  arc  will  always  flash 


I  the  break.  It  is  necessary  ti>  thoroughly  protect  the 
I  contacts  of  the  circuit  breaker  from  the  destructive  action 
b  arc  by  having  a  pair  of  auxiliar>'  contacts  in  parallel  with 
tata  contacts  and  so  arranged  that  the  main  contncls  open 
(witliout  an  arc)  and  the  auxiliar>'  contacts  open  a  moment 
i(«ttfa  an  intense  arc). 
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The  auxiliary  contacts  are  sometimes  made  of  carbon  btocb^ 
In  this  case  one  carbon  block  is  mounted  at  the  extreme  end  of 
tlic  movable  arm  of  tlie  breaker  so  that  wlien  the  breaker  opens 
and  the  arm  falls  back,  the  carbon  blocks  are  sc[)araled  wiildy 
enough  to  put  out  the  arc.     Fig.  135  shows  a  single-pole  carbon 


block  circuit  breaker  manufactured  by  The  Cutter  Company, swi 
riy,  1 36  shows  two  single-pole  carbon  block  breakers  of  ti* 
Switchboard  Kquipmcnt  Company  mounted  side  by  side 
doklblc-pi)lc  breaker. 

Fid-    137  shows  a  direct-current   magnetic    blow-out  circiul 
brc.ikef  of  the  General  Electric  Company.     In  this  breaker  llie 

;iiijry   coritactJi  He   between  the  poles  of   an  clectromasi"^ 


which  blows  out  the  arc  almost  instantaneously  when  the  auxiliary 
contacts  arc  separated.  In  Fig.  127  the  structure  at  the  tnp  is 
the  blow-out  magnet,  and  the  rod  which  is  shown  immediately 
below  the  center  of  this  blow-out  magnet  actuates  the  auxiliary 
contacts  which  are  hidden  by  the  large  flat  front  pole-piece  of  the 
blow-out  magnet. 

The  main  contacts  of  a  circuit  breaker  are  usually  made  of  a 
bundle  of  tliin  sheets  of  .spring  copper  and  a  massive  block  or  ■ 
blocks  of  copper  against  which  the  ends  of  the  thin  sheets  are 
pressed  when  the  circuit  breaker  is  closed,  as  shown  in  Fig.  127. 
This  figure  also  shows  very  distinctly  the  electromagnetic  device 
which  actuates  the  trigger  and  opens  the  breaker.  The  coil  of 
tliis  electromagnetic  device  consists  of  a  massive  copper  bar  wound 
in  the  form  of  a  helix.  The  rod  which  terminates  in  the  small 
handle  at  the  lower  left  hand  comer  in  Fig.  1 27  is  for  tripping  the 
trigger  by  hand  when,  it  is  desired  to  open  the  breaker.  The  large 
handle  is  the  lever  for  closing  the  breaker ;  the  figure  shows  the 
breaker  closed.  The  breaker  can  be  adjusted  to  be  opened  by 
any  desired  value  of  current  within  certain  limits,  by  adjusting  the 
tension  of  the  .small  helical  spring  shown  at  the  left  in  Fig.  127. 

84.  Grounds  and  ground  detectors.  — A  ground  on  one  wire 
of  a  pair  of  supply  mains  \s  unsafe  because  an  accidental  ground 
on  the  other  wire  will  complete  the  circuit.  If  this  second  ground 
is  through  a  human  body,  a  personal  injury  may  result,  and  if 
either  ground  connection  is  through  a  xvire  or  other  conductor, 
the  conductor  may  become  hot  enough  to  start  a  fire.  In  any 
case  a  ground  connection  on  both  mains  involves  a  waste  of  power. 
Since  accidL'ntal  ground  connections  frequently  occur  on  electric 
mains,  a  device  called  a  ground  ditfclor  is  usually  mounted  upon 
the  switchboard  in  a  generating  station  for  showing  the  existence 
;'of  serious  grounds  on  the  tine  wires. 

A  ground  detector  usually  employed  on  low  voltage  lines  {up 

five  or  six  hundred  volts)  consists  of  two  incandescent  lamp 

ilBts  *  connected  in  series  between  the  mains  with  the  middle 

*Ek1i  nnit  consiiis  of  one  or  more  lumps  in  setici  ■ceording  10  the  voltage. 
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point  between  the  lamps  connected  to  earth  as  shown  in  Fig.  120. 
Whenever  both  line  wires  have  grounds  of  the  same  resistance, 
high  or  low,  both  lamps  bum  with  equal  brightness.  WTicnever 
one  line  wire  has  a  fairly  low  resistance  ground,  and  the  other  a 
high  resistance  ground,  the  lamps  are  unequal  in  brightness,  and 
the  main  which  connects  to  the  dim  lamp  is  the  main  with  the 
low  resistance  ground.  In  order  to  distinguish  between  the  un- 
safe condition  with  both  mains  grounded  through  nearly  equal 
low  resistances,  and  the  safe  condition  with  both  mains  grounded 
through  very  high  resistances,  the  lamps  should  be  arranged  to 
be  disconnected  one  at  a  time.  If  lamp  A  is  dim  when  lamp  B 
is  disconnected  from  main  B^  then  main  B  has  a  high  resistance 
ground  ;  and  if  lamp  A  is  bright  when  lamp  B  is  disconnected 
then  main  B  has  a  low  resistance  ground.  The  reason  for  these 
statements  can  be  easily  worked  out  by  the  reader  by  making  a 
diagram  showing  the  relations  of  the  two  ground  resistances  to 
the  liimp  or  lamps. 

9fi.  Lightning  and  lightning  arresters. — When  a  lightning  stroke 
cxxurs  in  the  neighborhood  of  a  transmission  line,  a  sudden  rush 
of  ciirrcnl  takes  place  over  the  line  due  to  one  or  more  of  the 
following  causes  :  {a)  I^lectric  charge  accumulated  on  the  line  is 
suddenly  released  and  tends  to  flow  to  earth  ;  (h)  the  magnetic 
action  of  the  lightning  discharge  induces  a  sudden  pulse  of  cur- 
rent in  tile  line  ;  (r)  when  the  lightning  actually  strikes  the  line, 
an  enormous  rush  of  current  takes  place  as  the  total  electric 
eh.u-^;(*  of  the  li^rlitnin<^  flash  flows  to  earth. 

'Ihe  ilaina^a'  to  electrical  apparatus  by  a  very  intense  lightning 
stroke  may  l)e  a  more  or  less  complete  destruction  due  to  the 
heat  ^eneratt'cl  by  the  li^^htnin^  discharge  itself      Weak  lightning 
disc  har<_;es   are    however   very   much    more   frequent    than  veO' 
iutenscr  oius,  and  the  damai^e  done  by  a  weak  lightning  discharge 
is  usually  due  to  a  puncturing  of  the  insulation  of  the  windings  of 
a  machine  aiul  a  consequent  short-circuit  in  the  machine  which 
causes  it  to  be  burned  out  bv  its  own  current. 

When  the  sudden  rush  of  current  which  accompanies  a  light- 
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ling  discharge  encounters  a  portion  of  the  circuit  which  has 
lonsiderable  electrical  inertia  or  inductance,  a  very  great  electro- 
motive force  is  created  between  the  terminals  of  that  portion  of 
the  circuit,  in  the  same  way  tiiat  an  enormous  mechanical  force  is 
urcated  when  a  moving  body  strikes  a  heavy  stationary  body. 
Thus  a  sudden  rush  of  current  coming  into  a  station  over  a  trans- 
mission Hne.  encounters  the  highly  inducdve  \vindings  of  wire  on 
the  field  or  armature  of  a  dynamo.  The  electrical  inertia  (induc- 
jice)  of  the  winding  dams  up  the  rush  of  current,  as  it  were,  and 
ihe  current  rush  is  almost  sure  to  break  through  the  insulation 
t  the  very  entrance  to  the  winding,  passing  from  the  copper  wire 
to  any  metal  that  is  connected  more  or  less  thoroughly  to  earth. 
The  lightning  arrester  is  a  device  for  shielding  a  dynamo  or 
other  electrical  machine  from  the  ru.shes  of  current  which  come 
into  a  station  on  an  overhead  line  during  a  tliunderstorm. 

Fig.  128  is  a  diagram  showing  the  essential  features  of  a  Itght- 
niiig  arrester,  or  rather, 
if.'     1^7  [ih   ,        '0  '"J""""     of   two    distinct     light- 

ning   arresters,   one   for 
j^  each  line  wire.     Such  a 

pair  of  lightning  arrest- 
pff  ers  when    mounted    on 

^-^-^^—  one  base  plate  is  called 

a    double-pole     arrester, 
upon   entering  the  station  building  is 
wire,  called  a  choke  coil   or   reactance 
4I,  whence  the  wire  leads  on  to  the  dynamo  or  other  machine. 
LSt  in  front  of  the  choke  coils  each   line  wire  has  a  ground 
mnection  broken  by  a  short  .impark  gap  G.  and  just  behind  the 
iholce  coils    each  line  wire  should    have  a  ground    connection 
irough  a  condenser  Cwith  very  thick  insulation.     Fig.  1 28  shows 
very  essential  feature  of  a  lightning  arrester  except  the  device 
>r  extinguishing  the  arc  which  tends  to  persist  at  the  spark  gaps 
f'  and  G"  after  the  lightning  discharge  has  passed  to  earth.    The 
ction  of  the  apparatus  shown  in  Fig.  128  is  as  follows  :  A  rush 


I 


Each  of  tile  line   wircj 
Connected  to  a  coil  of 
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of  current  entering  the  station  over  either  line  wire  is  dammed  up 
in  front  of  the  choke  coil  causing  an  electromotive  force  sufficiently  , 
high  to  break  across  the  spark  gap  G'  or  G",  thus  establishing  a 
conducting  path  to  earth,  tlhe  function  of  the  condenser  maybe 
best  explained  in  terms  of  a  mechanical  analogue  as  follows :  A 
wall  is  to  be  shielded  from  the  excessive  force  of  a  hammer  blow 
by  allowing  the  hammer  to  strike  against  a  heavy  ball  of  iron 
which  rests  against  the  wall.  The  ball  must  move  a  little  to  take 
up  the  momentum  of  the  hammer.  If  the  ball  and  wall  were 
both  perfectly  rigid  the  ball  would  fail  to  protect  the  wall. 
Some  slight  degree  of  elasticity  in  the  ball  or  wall  is  necessaty, 
or  an  elastic  cushion  must  be  interposed  between  the  ball  and 
the  wall.  I  Each  condenser  shown  in  Fig.  128  acts  like  this  elastic 
cushion,  permitting  some  movement  through  the  choke  coil  of 
current  which  does  not  necessarily  flow  on  to  and  through  the 
dynamo,  but  merely  charges  the  condenser,  tlhe  condenser  is 
not  often  used  with  lightning  arresters,  inasmuch  as  the  dyTiartio 
and  the  connecting  wires  usually  have  sufficient  electro-elasticit)' 
or  capacity.  Lightning  arresters  installed  out  on  a  transmission 
line  do  not  require  choke  coils,  but  a  choke  coil  should  always 
be  inserted  between  the  spark  gap  of  a  lightning  arrester  and  the 
generator  or  motor  or  other  apparatus  which  is  to  be  protected! 

The  choke  coil  of  a  lightning  arrester  must  be  extremely  well 
insulated.     The  use  of  an  iron  core  does  not  increase  the  induc- 
tance of  a  coil  with  respect  to  excessively  quick  rushes  of  current, 
inasmuch  as  the  iron  docs  not  have  time  to  become  magnetized - 
Lightning  arrester  choke  coils  are  therefore  usually  made  of  ^ 
single  layer  of  coarse  insulated  wire  wrapped  on  a  porcelain  core"* 
or  of  an  insulated  copper  ribbon  wound  like  a  roll  of  tape. 

When  a  lightning  discharge  jumps  across  both  gaps  G'  anC^ 
G" ,  Fig.  128,  the  gaps  constitute  for  an  instant  a  low  resistance 
path  between  the  line  wires,  and  electric  ar  s,  started  by  the  light  ^ 
ning  discharge,  are  maintained  by  current  from  the  generator'- 
This  virtually  short-circuits  the  generator,  hence  provision  mus^ 
be  made  for  extinguishing  the  arc  or  arcs  above  described.     Th^ 


various  types  nf  lightning  arrestt-rs  in  use  differ  chiefly  in  the 
s  employed  for  extinguishing  the  arc. 
The  extinguishing  of  an  arc  across  the  spark  gaps  of  a  lightning 
arrester  is  accnmpUshed  by  one  or  more  of  the  following  means  : 
(d)  By  tki  inagnitic  blaiv-out.  An  electromagnet  may  be  used 
to  extinguish  the  arc  which  persists  across  the  spark  gap  of  a 
lightning  arrester  in  the  same  way  that  it  is  used  to  blow  out  the 
arc  in  a  circuit  breaker.  The  spark  gap  need  only  be  placed 
between  the  poles  of  a  fairly  strong  electromagnet.  The  mag- 
netic blow-out  is  not  suitable  for  alternating  current  circuits. 

{(S)  By  cooling  the  arc.  An  alternating  current  arc  does  not 
persist  across  even  a  very  short  gap  between  massive  blocks  of 
metal  unless  the  electromotive  force  is  very  large.  Thus  an 
alternating  electromotive  force  of  500  volts  effective  value  cannot 
maintain  an  arc  across  a  ^j^  inch  gap  between  massive  blocks  of 
'brass.  This  is  due  no  doubt  to  the  cooling  of  the  vapors  of  the 
arc  by  the  metal  blocks  at  the  time  of  a  reversal  of  the  alternating 
current,  when  the  current  is  nearly  zero  in  value ;  the  cooled 
vapors  being  a  sufficiently  strong  insulator  to  withstand  the  suc- 
seding  wave  of  electromotive  force. 

(^)  By  smothering  the  are.  An  arc  cannot  be  maintained.  e.x- 
cept  by  an  excessively  high  electromotive  force,  in  a  narrow 
enclosed  space.  This  fact  is  utilized  in  several  types  of  lightning 
arresters  by  enclosing  the  spark  gap  in  a  narrow  space  surrounded 
by  insulating  material. 

((/)  By  using  resistance.  The  maintenance  of  an  arc  depends 
upon  the  flow  of  considerable  current.  Hence  an  arc  cannot  be 
maintained  across  the  spark  gaps  of  a  lightning  arrester  if  suffi- 
cient resistance  is  connected  in  series  with  the  gaps.  This 
resistance  should  of  course  be  non-inductive,  and  it  should  be 
lade  of  bulky  material  so  as  to  absorb,  without  excessive  rise 
of  temperature,  the  heat  generated  in  it  by  the  lightning  dis- 
:harge.  The  best  form  for  this  resistance  is  a  solid  rod  of  non- 
conducting material,  such  as  burned  clay,  coated  with  a  thin  layer 
)f  conducting  material,  such  as  graphite.     Such  a  coated  rod 
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conducts  a  current  rush  nearly  as  well  as  a  solid  rod  of  graphite. 
inasmuch  as  a  very  sudden   rush  of  current  flows  only  through 
the  surface  layers,  or  skin,  of  a  conductor  ;  but  it  oflers  an  enor- 
mously    greater     resistance 
than  a  solid  graphite  rod  to 
a  current  which  is  steady  or 
which    changes   slowly  *    in 
value.     Therefore  a   rod   of 
clay  coated  with  grapiiite  of- 
fers an  easy  path  for  a  light- 
ning discharge,  but  prevent'^ 
the  flow  of  the  generator  cur- 
rent which  tends  to  maintain 
the  arc. 

Fig.  129  shows  a  single- 
pole  magnetic  blow-out  di- 
rect current  lightning  ar- 
rester manufactured  by  the 
General    Electric   Company. 

This  particular  arrester  has  two  spark  gaps  in  series, 
main  spark  gap  is  between  the  two  wing-shaped  pieces  of  bV 
and  it  lies  between  the  poles  of  an  electromagnet.  The  auxih'ary 
spark  gap  is  between  the  two  rounded  brass  points  shown  at  the 
right  in  Fig.  129.  The  winding  of  the  electromagnet  forms  a 
shunt  around  the  au.\iliary  spark  gap,  and  the  current  which  con- 
tinues to  flow  across  the  two  gaps  of  the  arrester  after  a  lightning 
discharge  has  passed,  quickly  establishes  itself  in  the  magnet 
winding,  excites  the  magnet,  and  blows  out  the  arc  in  the  main 
gap. 

Figs.    130,    III   and   132  show  a  compact  form  of 
blow-out  lightning  arrester  enclosed   in  a  porcelain 

•The  cuircnr   rush  wliich  comlitules  a  lightning  discharge  someli 
rate  pitwditig  500.000,000  iinipf  res  pet  second  during  Ihe  few  mjllionths  1 
th«I   il  continues  to  grow.     Compsreil  with  Ihij  the  mMimum  rate  of 
ordinary  commcninl  attemitting  current,  nnme!*,  i  fev  (hfnimnd  nmpen 
\$  very  ilow  indeed. 


t 
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Thi.H  arrester  is  made  by  the  Gcnaal  Eiecxnc  Company.  It  is 
Huitablc  for  direct  current  circuits  only,  and,  being  compact  and 
enclosed,  it  is  specially  suitable  for  pro- 
tecting the  motors  on  street  cars.  The 
Mjjark  (jap  >n  this  arrester  is  betn-ecntbe 
em  Is  of  two  short  brass  rods  which  are 
shown  attached  to  a  porcelain  lug  on  the 
inside  of  the  cover  in  Fig.  1 30.  A  carbon 
rod  resistance  is  connected  in  series  nith 
ihiH  s|«irk  gap,  and  the  winding  of  the 
blow-out  magnet  is  connected  as  a  shunt 
aroiiiiil  the  whole  or  a  portion  of  this  car- 
Ixm  resistance.  The  magnet  Uows  the 
iin:  (Hit  through  a  hole  (shown  in  Fig. 
1^1)  in  tile  [>orcclain  lug  and  cover. 
I'ig.  132  sliDws  the  details  of  the  arrester  and  the  manner  in 
wIm'cIi  it  is  Connected  to  the  line  and  to  the  ground.  Hg.  '35 
shc)ws  four  of  these  arresters  connected  to  two  pairs  of  ftedcn. 
iiinl  two  iiililitional  arresters  connected  to  the  sn;nerator  mains. 


I  i 


''V> 


I     I  A?^^^   J    /- 


I'V.  \},.\  slimvs  A  W'mts  alternating  current  lightnir.g  ^' 
rcster  niaiiiifitclured  by  the  Wostinghouse  Company.  It  con- 
sists simply  iif  seven  massive  brass  cylinders  held  in  a  porcelai" 
ci;uii|),  ami  presents  seven  .spark  gaps  in  series  between  thecna 
lylimlcrs  which  are  ci)nnected  to  the  terminals  G  and  L.  The 
pciint  /,  is  connected  to  the  line  and  the  point  G  to  ground.     Fig- 
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t  arresters  like  Fig.  134  connected  to  the  two 
I  2,000-volt  alternator.  The  Wurts  arrester  depends 
upon  the  cooling  efiirct  of  the  massive  brass  cylinders  for 
uishing  the  arc  across  the  spark  gaps. 


WH^  A  "  arrester  of  the  Westinghoiise  Company  extin- 
I  tbcarc  by  smothering  it.  This  arrester,  now  superseded 
UP"  arrester  of  the  same  company,  consists  of  a  block 
I  to  one  flat  face  of  which  two  metal  plates  arc 
;  spark  gap  is  between  the  edges  of  these  metal 


ninne  rather  wide  gap  is  bridged  by  the  cliarrcd  surface 
wood.  .-Xnuthcr  block  of  wood,  with  a  small  hole  thmiigh 
ie  escape  of  the  hot  \'apor.i  of  the  arc,  is  placed  over  the 
gap  u  a  cover,  and  serves  to  smother  the  arc  The  charred 
e  of  the  wood  enables  the  lightning  discharge  to  pass  across 
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the  rather  %ide  gap  of  this  urestcr  witbout  an  excesave  rise  of 
clcclr'<mr>tive  force. 

Fi;;.    I  }'>   shows   a   two-pole    alternating    current   lightning 


tiT  iif  the  (Icncral  Hlectric  Company.  In  this  arrester  the 
i'.  rslin;;iiisiicil  |)artly  by  the  cooling  effect  of  the  massive 
;  I  vliiiilirs  between  which  the  spark  gaps  lie,  and  partly  by 
■til',  t  iif  ivsisliiiKcs  connected  in  series  with  the  spark  gap*- 
iiiulilli'  nni-  of  tlic  three  short  brass  cylinders,  which  arc 

II  .ii  ihi'  luittimi  ill  Fig.  1 36,  is  connected  to  ground,  and  the 
.  MtiiiJrci  .U  the  sides  are  connected  through  the  long 
liil.-  ii-.ist,iiK-c  rtids  to  the  line  wires.  The  doublo-p^le 
.1.1  '.liovMi  in   l''ig.  1^6  is  suitable  for  1,000-volt  altemaling 

III  in.ini'-  l'\ir  hi^jher  voltages  several  spark  gaps  anJ 
i.iiii.   m.l-.  .lie  vnnruvted  in  series  between  each  line  wirt  and 

.i[l> 

!■  1  ;  ■.hi.M-i  [lie  p.irts  of  the  *'  MP"  lightning  arrester*^ 
\ ,  -iiM'ih.'iiM-  t".-nijMiiy.  This  arrester, aside  from  thechol;e 
n  111.  h  L-.  ,■(■  ,,nif.e  sejur.ue.  consists  of  a  block  of  porou' 
Mil  hll.J  Hiili  -;ni.dt  h.ird  grains  of  carbon.  This  block 
,iiii|..il    KiwivLi   two    (lat    metal  plates   and   connection  is 
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>ni  the  line  through  a  very  short  air  gap  to  one  of  these 
nd  front  tlie  otliur  plate  to  earth.  A  lightning  discharge 
nrougb  the  block  in  the  fonn  of  innumerable  microscopic 
I  Uie  carbon  grains,  and  no  arc  is  developed.     The 


tp  between  the  lire  and  the  first  metal  plate  serves  as  a 
e  braik  bi  the  circuit  from  the  line  to  ground,  except  of 
It  the  instant  of  a  lifjhtning  discharge.  This  arrester  is 
for  both  direct  and  alternating  current  circuits. 
ire  tiakt  and  the  Underwriters'  roles.  Rules  governing 
allation  of  electrical  apparatus  of  all  kinds  have  been 
ted  by  a   National    Conference  on   Standard    Electrical 
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Rules  *  with  the  object  of  minimizing  fire  risks  and  risks  of  per- 
sonal injury.  These  rules  are  published  in  convenient  form  and 
at  a  nominal  price  by  the  National  Board  of  Fire  Underwriters  t 
under  the  title  **  The  National  Electrical  Code,*'  and  a  supple- 
ment, which  is  revised  semi-annually,  contains  a  list  of  all  kincb 
of  electrical  wires  and  fittings  which  are  approved  by  the  Under- 
writers. Any  person  who  assumes  any  degree  of  responsibility 
for  the  laying  out,  or  even  the  maintenance,  of  electrical  installa- 
tions should  be  familiar  with  the  National  Electrical  Code. 

The    rules  and    requirements  which    constitute    the   National 
Electrical  Code  are  classified  in  the  edition  of  1905  as  follows: 

Class  A.     Rules  applying  to  stations  and  dynamo  rooms. 

Class  B.     Rules  applying  to  outside  work. 

Class  C.     Rules  applying  to  inside  work. 

Class  D.     Rules  applying  to  fittings,  materials,  and  details  of 

construction. 

Class  E.      Miscellaneous  rules. 

Class  F.      Rules  applying  to  marine  work. 

97.  Installation  and  operation  costs.  —  From  one  point  of  view 
engineering  is  a  composite  of  all  the  physical  sciences,  and  from 
another  point  of  view  it  is  a  branch  of  the  science  of  economics. 
Any  elementary  treatise  on  engineering  must,  however,  be  chiefly 
devoted  to  purely  physical  problems  inasmuch  as  the  student 
must  become  familiar  with  engineering  as  a  branch  of  physical 
science  before  he  can  possibly  undertake  as  a  practicing  engineer 
to  choose  that  particular  physical  solution  of  an  engineering  prob- 
lem which  will  best  meet  the  requirements  of  economy. 

*The  following  is  a  list  of  the  Associations  composing  this  National  Conference '■ 
American  Institute  of  Architects,  American  Institute  of  Electrical  Engineers,  Amer- 
ican Society  of  Mechanical  Engineers,  American  Institute  of  Mining  Engineers, 
American  Street  Railway  Association,  Associated  Factory  Mutual  Fire  Insurance 
Companies,  Association  of  Edi-^on  Illuminating  Companies,  International  Association 
of  Fire  Engineers,  International  Association  of  Municipal  Electricians,  National 
Board  of  Fire  Underwriters,  National  P!lectric  Light  Association,  National  Electnca* 
Contractors'  Association,  Underwriters'  National  Electric  Association. 

t  C»eneral  Agency  34  Nassau  St.,  New  York  City. 
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he  economic  problem  is  in  every  case  to  produce  the  l>est  re- 
R  at  a  tninimum  of  cost  and  this  is  always  a  very  compHcated 
>lcm,  inasmuch  as  the  cost  of  erection  and  maintenance  of  en- 
sering  works  and  the  value  of  the  service  rendered  thereby 
both  dependent  upon  minute  variations  of  local  conditions, 
r  both  fluctuate  from  year  to  year  with  the  varying  stress  of 
s  activity,  and  they  botii  change  with  every  improvement 
ndustn'al  processes. 

fhe  first  ciitimate  of  the  cost  of  any  engineering  undertaking 
sually  based  upon  general  statistics  of  the  cost  of  more  or  less 
r  undertakings,  and  the  final  cost  is  detennined  by  the  bids 
contractors  who  have  had  more  or  less  experience  in  the  par- 
rlar  line  of  work  and  whose  margin  of  profit  must  in  general 
great  enough  to  cover  the  many  uncertain  items  tliat  always 
ear  in  any  new  undertaking. 
the  following  data  on  the  cost  of  installing  and  operating 
n  and  electric  plants  may  be  used  for  making  a  preliminary 
nte  of  the  costs  of  an  electric  station.  These  data  are  aver- 
I  based  upon  the  records  of  a  large  number  of  actual  cases, 
'.  the  cost  nf  -a  given  station  may  depart  more  or  less  widely 
1  these  figures  on  account  of  peculiar   local  and  temporary 

ItilMU. 

"»st  ef  strain  fiKivr.^  — The  ordinates  of  the  curve  A  in  Fig. 
give  the  approxinutc  total  cost  [jcr  horse-power  capacity, 
gding  buildings,  chimneys  and  all  accessories,  of  boiler  and 
:  [dants  of  various  .sizes,  and  the  ordinates  of  curve  B  give 
■cuol  consumption  in  pounds  |>er  horse-powcr-hour, 

ordinates  of  the  curves  C,  D.  E.  A"  and  G  in  Fig,  130  give 
corts  per  horsc-powcr-year  (308  days  of  10  hours  each)  of 
following  items : 

TWdatabnn  which  Ihr  rarrs  in  Fipi.  1.1S  and  139  «re  plolicd  Bre  Inkm  from 
by  Wm.  O.  WdJjoi,  T^i  E-finfr'  faevelxn.l),  V.il,  <o.  p.  145.  Febmnrr 
.  iMportsM  <blm  on  t!.t  WM  of  tloim  pmirer  «re  p*™  I'y  C.  E,  Emrry, 
Am.  Uil.  Blet.  Efg..  Vol.  13,  pji.  J58-3S9,  iSg;  ;  uhI  by  H.  A.  FoMer, 
*«.  /W.  £*r.  B^..  Vol,  14,  {ip.  3S5-.4SI.  1897. 
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Ciir\T  C  Fixed  charges  per  horse-power-year.     This  item  is 

:l:oned  at  14  per  cent,  on  the  total  cost,  and  it  includes  interest 

fi  per  cent,  depredation  4  per  cent.,  repairs  2  per  cent,  insur- 
I  per  cent,  and  taxes  i  per  cent. 

Curve  I}.   Cost  of  coa!  per  liorse-poivcr-ycar  at  S400  per  ton 

3,000  pounds. 

Curve  £.  Wages  per  horse-power -year. 

Cun"c  yr  Cost  of  oi!  and  supplies  per  horse-power -year. 

CunT  G.   Total  cost  per  horse-power-ycar. 

Hicsc  curves  arc  based  on  the  assumption  that  the  smaller 
!  of  engines  are  simple  non -condensing  engines  of  the  CoHiss 
:.  that  the  medium  and  large-sized  engines  are  run  condens- 

;,  and  that  the  largest  sizes  are  compound  engines. 

The  item  of  wages  in  a  100  horse-power  plant  would  include 
engineer  at  82.50  per  day  and  a  fireman  at  51.50  per  day. 

kh  would  amount  to  about   Si,30o  per  year.     In  a   1.000 

tsc-powcr  plant  the  item  of  wages  would  include  one  engineer 

J3.00  per  day.  one  assi.stant  engineer  at  S2.00  per  day,  tliree 
in  the  boiler  room  during  the  day  and  one  night  watchman 

ti.50  per  day.  which  would  amount  to  about  SioOO  per  year. 

Where  the  cost  of  coal  is  more  or  less  than  S4.00  per  ton,  the 

K  of  coal  per  horse- power-year  may  be  easily  determined  from 

\e  D,  Fig.  1 39,  the  ordinales  of  which  represent  the  cost  of 
per  horse -poiver-y car  at  S4-00  per  ton.  and  the  total  cost 

r  horee-powcr-ycar.  as  given   by  curve  G,  may  be  corrected 

loratngiy. 

ll  it  imponant  to  remember  tliat  the  cost  of  power  as  given 

cunre  G,  Fig.  139,  is  based  on  the  itssumption  thai  the  en- 
M  arc  working  at  full  load  for  10  hours  per  day.  308  days  in 
jrear.     When  x  plant  operates  at  a  fraction  of  its  full-load 

■dty  the  cost  per  horse-powcr-hour  is  increased  as  explained 

Aft  97. 

r^  cast  tf  tttetfuat  ftnt>er  at  the  switchboard  —  The  hwd 
of  an  ordinary  electric  light  station  \-aries  from  o,  1 5  for 
•  s«  An.  97. 
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plants  in  small  towns  where  there  is  but  h'ttle  lighting  during  the 
day,  to  as  much  as  0.40  or  more  for  plants  in  large  cities  where 
there  is  a  considerable  demand  for  current  during  the  day.  The 
load  factor  of  a  plant  which  supplies  current  for  an  electric  rail- 
way may  be  as  high  as  0.50  or  0.60.  The  following  estimate  of 
the  cost  of  electrical  power  at  the  switchboard  is  based  upon  the 
cost  of  steam  power  as  given  in  Figs.  138  and  139  and  upon  the 
assumption  that  the  plant  operates  at  full-load  for  10  hours  per 
day  for  308  days  per  year. 

The  electrical  equipment  of  a  station  costs  about  ^30  or  S35 
per  kilowatt  of  capacity  for  large  stations  and  somewhat  morefor 
small  stations.  The  ordinates  of  the  curve  y  of  Fig.  141,  which 
represent  the  annual  fixed  charges  on  the  electrical  equipment 
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Uual  ov|vupTtKMU  which  raiii^os  t'roni  545  per  kilowatt  tor  a  i^-^ 
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is  abv^ut  *;  ixT  cent.  v>f  the  ov>st  of  labor  for  the  steam  plant  alon^- 
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c  additional  cost  of  oil  and  supplies  is  about  40  per  cent,  of 
oust  of  this  item  for  the  steam  plant  alone. 
rhc  ofdinatcs  tif  the  curve  //   in   Fig.  140  give  the  capacity 
tilnwatts  of  tlie  electrical  equipment  corresponding  to  various 

night  line  inasmuch  as  the  efficiency  of  an  electrical  generator 
«a»es  with  its  size. 

[he  cun-es  in   Fig.  141  show  an  approximate  analysis  of  the 
I  of  electrical  power  when  the  station  is  operated  at  full-load 
j,oSo  hours  each  year. 

Curve  /shows  the  cost  of  steam  power  per  kilowatt -year  of 
Elrical  output. 

Curve  /  shows  the  fixed  charges  on  the  electrical  equipment 
kpowatt-year.     This  item  is  reckoned  as  14  per  cent,  on  the 
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type  of  engine  than  is  assumed  as  a  basis  for  Figs.  138  and  139, 
so  as  to  reduce  the  cost  of  coal. 

99.  Examples  of  installation  and  operation  costs.  —  The  general 
averages  of  cost  which  are  given  in  Figs.  138,  139  and  141 
would  be  misleading  without  a  few  actual  examples  to  show  how 
widely  costs  vary  in  particular  cases. 

Installation  costs.  —  The  accompanying  table  of  costs  gives 
actual  cost  data  on  seven  electric  power  stations  not  including  any 
part  of  the  distributing  system.  Total  costs  are  all  given  in 
thousands  of  dollars.  The  figures  which  follow  Max,  and  Min, 
arc  the  extremes  of  variation  of  cost  per  kilowatt  capacity  under 
ordinary  conditions.  Wide  deviations  from  these  figures  in  the 
actual  plants  are  due  to  unusual  conditions.  Thus  the  land  for 
plant  No.  5  which  is  in  a  large  city  cost  $43,000;  this  plant  has 
very  expensive  f(Uindations  of  concrete  on  piling,  and  its  engine 
capacity  a<;i^re^ate.s  4,500  indicated  horse-power  when  perhaps 
3,500  horse-power  would  be  sufficient.  The  cost  per  kilowatt 
of  the  various  parts  of  the  station  equipment  is  in  each  case  the 
total  C(^st  divided  by  the  cai)acity  in  kilowatts  of  the  generators 
installed. 

Operation  costs.'^  — The  acc()mj)anying  table  of  operation  costs 
is  taken  from  tlie  records  of  two  lij^htin*^  stati(Mis  for  one  year. 

Station  A  is  a  225  kilowatt  plant  owned  and  operated  by  a  city 
of  7,000  inhal^itants  in  Connecticut.  The  equipment  includes 
a  150  kilowatt  alternator  and  a  75  kilowatt  alternator  each  belted 
to  a  sej)arate  engine.  The  entire  plant  rej)resents  an  investment 
of  S6.:.5i  J  of  which  i^.S7/>74  is  in  the  buildin^r  and  the  equip- 
ment of  the  station,  and  5t-4.«^.v^  i>>  "i  the  distributing  system 
incliulin;^  the  transformers.  The  total  number  of  lamps  installed 
is  9.000  iT)  candle-j)ower  incandescent  lamps  and  107  arc  lamps. 
The  cost  of  trinmiing  and  cleanin;^  the  arc  lamj)s  fS230.79)  is  not 

~  Tlir  /:.'  fri- i.nt  (  I.muloM!  pu]»li>h«>  oruli  year  n  iHf^cit  of  the  data  on  operation 
co^ts  wliich  rloclric  liiihtin-j  ^Iatioll^  aic  tf-iuirid  Nv  law  t<»  n'jMirt  to  tlu»  n<Kinl  <if 
Traill*.  rinsf  <liLjo->iN  contain  njiuli  valiiahU-  inforinatitm.  St*t*  aK«>  **  ('t)'itof  (jrnera- 
t ion  and  nir>tril»uti<»n  of  Klrctriral  KniTi;y  "  by  Kohrrt  Tlanitnond,  yiwrwu/ /wj/;/«- 
//.'// <»/"/://■. ///c  11/ /w/^''/;/<vr.i,  Vol.  27,  pp.  246-437,  1S98. 
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tlcmand  for  current  is  very  considerable  even  in  middle  lati- 
turu},  as  Fig.  142  shows,  it  iscxcessively  great  in  Chrisliania. 
)e  iiliarp  maximum  of  station  load,  which  occurs  at  6  P.  M. 
kristiania  in  winter  time,  and  u.iually  between  7  and  S  P.  M. 
iddle  latitudes  in  winter  time,  is  called  the  "  peak  of  the 
*■  The  boiler,  engine,  and  generator  capacity  of  a  station 
be  sufBcient  to  meet  the  excessive  demand  for  current  that 
iitutcs  the  peak-  of  the  load,  although  it  h  usually  permissible, 
g  the  short  time  that  the  excessive  demand  lasts,  to  force 
Knlers  and  overload  the  engines  and  generators  to  some 
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output  of  n  station  in  kilowiitt-liours  during  a  given 

id,  a  month  for  example,  divided  by  the  output  that  coidd 

jibbed  during  that  [K-riod  by  operating  the  station  night  and 

■t  its  fuU  rated  capacity,  is  called  tlie  /imi/  faetor  •  of  the  sta- 

Thus  if  the  Christiania  plant,  referred  to  in  Fig.  143,  is  a 

be  load  SkIot  oTi  lUlion  nlikh  ojirralri  11  ccrtiin  number  of  houn  each  day  ii 
Ml  ildoMi]  M  lhi>  acluki  oiitpul  duriRK  the  diif'i  tan  diiidcd  liy  the  oalput  that 
baabtBliicd  w«f*  tbo  tlallun  upcnlnl  ■■  (ul)>lo«d  fur  th*  whole  lime  otth*  ran. 
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included  in  the  tabulated  costs  of  operation  of  the  station  and  dis- 
tributing system.  The  cost  of  repairs  is  the  average  for  three 
years.  A  portion  of  the  fixed  charges,  namely,  repairs  and 
insurance,  are  tabulated  in  accordance  with  actual  expenditure ; 
and  the  remainder,  namely,  interest,  depreciation,  and  taxes,  are 
estimated  at  11  per  cent.,  that  is,  interest  6  per  cent,  deprecia- 
tion 4  per  cent,  and  taxes  i  per  cent,  although  as  a  matter  of 
fact  the  investment  is  covered  by  municipal  bonds  which  bear 
interest  at  3.5  per  cent  and  the  plant  pays  no  taxes.  This  plant 
supplies  current  to  consumers  on  a  sliding  scale  of  flat  rates,  that 
is  so  much  per  month  for  each  lamp  installed,  the  rate  being  less 
the  greater  the  number  of  lamps  installed  by  an  individual  con- 
sumer. This  station  is  operated  1 5  hours  per  day,  365  days  per 
year. 

Station  B  is  a  405  kilowatt  plant  owned  and  operated  by  a 
city  of  7,500   inhabitants   in  Connecticut     The  equipment  in- 

EXI'ENSE  ACCOL'NTS   FOR   OnE  VeAR   OF  TwO   ELECTRIC   PLANTS. 

A  =  22^  kihnvatt  plant.     B  =  40J  kiiotoati  plant. 


Plant  A.        I         Plant  B. 


Total  investment 562,512.00        589,880.00 

Kilowatt-hours  output  for  the  year 356,575.00    '    525,346.00 


I .abor  and  superintendence I  $4,064.71           37,029.91 

Repairs 754-00             1,142.00 

Coal  (at  about  §54.10  per  ton  at  both  plants) 7,225.53     .         6,956.84 

Water 3100 

Oil  and  waste ,  105.00 

Buildinij;  and  l)oiler  insurance '  188.00      i      -/:©/:-» 

T     I  -v.    •  -o-            >      2,000.72 

Liability  insurance. 187.00      (                  ' 

Office  rent 40.00 

Printing  stationery  and  incidentals 883. 86 

Total  disbursements $13,479.10        .<i7,Si5.47 


Cost  per  kilowatt-hour  (cents)  includinij  3'2  P^''*  cent- 
interest  and  4  per  cent,  depreciation 5.10  4.78 

Cost  per  kilowatt-hour  (cents)   includinj^  6  per  cent. 

interest,  4  per  cent,  depreciation,  i  percent,  taxes...  5.71  5.46 


eludes  four  60  kilowatt  direct    current    generators  each    direct 
connected  to  a  100  horse-power  engine,  one  165  kilowatt  direct 


232  ELEMENTS  OF   ELECTRICAL   ENGINEERING. 

current  generator  direct  connected  to  a  300  horse-power  engine, 
and  a  Brush  arc  generator  driven  by  a  90  horse-power  electric 
motor.  The  entfre  plant  represents  an  investment  of  $89,880  of 
which  s6o.  165  is  in  the  building  and  equipment  of  the  station  and 
S29.7 1 5  is  in  the  distributing  system.  The  total  number  of  lamps 
installed  is  6.300  16  candle-power  incandescent  lamps  and  109 
arc  lamps.  A  separate  account  is  not  kept  in  this  station  of  the 
cost  of  trimming  and  cleaning  the  arc  lamps.  The  cost  of  re- 
jxiirs  is  the  average  for  three  years.  The  same  remarks  con- 
cerning interest,  depreciation,  and  taxes  apply  to  this  station  as 
to  station  A.  This  plant  supplies  current  to  consumers  on  a 
meter  basis,  the  monthly  bill  being  made  out  at  the  following  net 
prices : 

For  lighting  and  for  fan  motors  : 

First  100  kilowatt-hours  at  9.0  cents  per  kilowatt-hour. 
Next2CO        "  **      **  7.2    " 

Over  300        *•  "      "   5.4 

For  motive  power  (not  including  fan  motors)  : 

h'irst  2CO  kilowatt-hours  at  4.5  cents  per  kilowatt-hour. 
Next  400        **  *•      **  3.6    *' 

Over  600        '*  '*      "  2.7 


«« 


<<        it  it  It 


tt  «(  (4 


<(  ((  («  tt 


The  plant  is  operated  continuously  except  from  one  hour  after 
sunrise  to  one  hour  before  sunset  on  Sundays. 

It  is  seen  fnMii  the  table  that  the  average  cost  of  generation  of 
eUitrical  eneri^y  is  between  5  and  6  cents  per  kilowatt-hour  and 
it  ina\'  seem  that  station  B  supplies  energy  for  motive  power  be- 
low lost.  This  is,  however,  not  the  case  ;  the  station  is  run  day 
and  u'v/hi  irresj)ective  of  the  demand  for  current  for  motive 
power,  and  the  r^/^/<v/ cost  of  operating  the  station  due  to  the 
snpplv  of  current  to  motors  is  probably  less  than  one  cent  per 
kilowatt  hour.     This  matter  is  discussed  in  the  next  article. 

100.  Systems  of  charging  for  electrical  energy,  (i)  The  flat 
'  system  —  Many  small  electric  light  stations  supply  current 
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:cnsumcrs  at  a  certain  price  per  month  for  each  lamp  installed. 
The  i6  candle-power  incandescent  lamp  is  tlje  unit  generally  em- 
ployed, and  tJic  price  in  many  cases  is  fifty  cents  per  month  per 
atnp,  H-ith  a  scale  of  discounts  increasing  with  the  number  of 
This  system  of  charging  is  called  the  flat  rate  system. 
:  use  of  this  system  simplifies  the  station  book-keeping  and  it 
tvoiiis  the  cost  of  meters,  but  it  is  very  unsatisfactory  inasmuch 
B  a  wasteful  customer  pays  no  more  than  an  economical  one. 
2.  The  meter  syilcm.  —  The  selling  of  electrical  energy  by  the 
kilowatt -hour  as  indicated  by  a  watt-hour  meter  is  almost  univer- 
I  in  large  electric  plants,  and  it  is  coming  to  be  tlie  rule  among 
plants  also.  It  may  seem  that  the  use  of  the  watt-hour 
ctcr  would,  like  the  use  of  the  gas  meter,  insure  an  equitable 
tem  of  chai^ng  customers,  but  it  is  not  so,  In  supplying  gas 
or  lighting,  a  large  storage  *  reservoir  makes  the  gas  generating 
>lant  indejKrhdcnt  of  the  irregular  consumption  of  the  gas.  In 
1  electric  plant,  on  tlie  other  hand,  the  electrical  energy  must,  in 
X  cases,  be  generated  as  used  and  the  capacity  of  the  plant 
nuttt  be  sufficient  to  meet  the  maximum  demand  for  current 
rhat  is  to  say,  the  size  and  cost  of  the  plant  is  determined  by  the 
laxinium  demand,  so  that  the  greater  value  of  the  electrical  ( 
oeigy  at  the  time  of  maximum  demand  must  be  considered  i 
ny  equitable  schedule  of  prices.  Two  simple  cases  will  ser\ 
»  a  basis  for  the  discussion  of  prices  as  fiillows  : 

Case  I.  —  If  the  demand  for  current  by  each  customer  of  a 

cntral  station  were  uniform  day  and  night,  or  if  all  the  customers 

e  to  use  current  according  to  one  fixed  daily  regime.t  then  it 

rould  br  entirely  equitable  to  charge  a  uniform  price  per  kilowatt- 

our.  inasmuch  as  tlic  same  fraction  of  the  total  energy  supplied 

>  each  would  Iw  5U|)|}Iied  during  the  time  of  maximum  demand. 

"Xa*  uniform  schedule  of  prices  should  be  subject  to  a  scale  of 

'Tine  UM  o[  tbr  airtate  Imilrtj  for  c<|Ui>liupg  the  load  of  an  clecliic  ilalii>ii  ii  din* 

It  cbaplcr. 

c  of  iHiicb  Ihr  ainciuu  rcprocnt  ihe  hour*  of  the  dijr  nnJ  the 

il  umbI  tiy  a  ciuloiiirt.     Tliit  4;utvc  trpmcDli  the  "  daltjr  rrijlni> 
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discounts  provided  the  station  management  wishes  to  increase  the 
general  demand  for  current,  which  will  be  the  case  so  long  as  the 
demand  is  less  than  can  be  met  by  the  station.  When  the  de- 
mand reaches  the  full  capacity  of  the  station  the  scale  of  dis- 
counts should  be  rearranged  so  as  to  be  less  favorable  to  larger 
users  than  before,  unless  it  is  possible  at  once  to  secure  funds  for 
increasing  the  size  of  the  station. 

Case  II.  —  If  there  are  several  distinct  classes  of  customers 
differing  as  to  their  daily  regime  in  the  use  of  current,  then  [on 
the  assumption  that  the  total  jcost  of  operation  of  a  station  may 
be  approximately  separated  into  two  parts,  namely,  a  constant 
part  A  which  depends  upon  the  size  (that  is  the  capacity)  of  the 
station,  and  a  variable  part  B  which  is  proportional  to  the  station 
load]  the  proper  basis  upon  which  to  establish  an  equitable 
schedule  of  prices  is  as  follows  : 

[a)  Each  customer  should  be  charged  so  much  per  year  on 
the  rate  at  which  he  uses  electrical  energy  during  the  period  of 
excessive  station  load.  This  charge  should  of  course  be  subject 
to  a  scale  of  discounts  and  the  income  from  it  should  cover  the 
constant  part  A  of  the  total  cost  of  operating  the  plant,  with  a 
margin  of  profit. 

{l>)  Each  customer  should  be  charged,  in  addition  to  {a),  a 
certain  amount  per  kilowatt-hour  for  the  total  electrical  energ>' 
supplied  to  him.  This  charge  should  also  be  subject  to  a  scale 
of  discounts,  and  the  income  from  this  charge  should  cover  the 
variable  part  />  of  the  total  cost  of  operating  the  plant,  with  a 
niari^in  of  profit. 

There  are  three  practicable  methods  for  carrying  out  this 
system  of  char^in<^,  as  follows  : 

I .  Ih'  classijiciitioji  of  nitcs.  —  The  usual  method  is  to  classify 
customers  accordin^^  to  their  daily  regime  in  the  use  of  current, 
and  to  establish  a  distinct  rate  per  kilowatt-hour  for  each  class. 
For  example,  there  are  three  more  or  less  distinct  classes  of 
service  in  most  electric  plants,  namely,  {a)  domestic  lighting 
■ice  with  its  negligible  demand  for  current  during  the  day  and 
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it»  excessive  demand  for  current  from  5  or  6  or  7  o'clock  to  10  ] 
or  II  o'clock  P.  M.,  (('')  store  and  factory  ligliting  service  with 
hs  almost  uniform  demaiid  for  current  from  3  or  4  o'clock  to  0 
or  8  o'clock  P.  M.,  and  (r)  motive  power  service  with  a  nearly  I 
uniform  demand  for  current  from  7  A.  M.  to  6  P.  M.  Customers 
of  the  first  class  should  be  charged  at  a.  high  rate,  those  of  the 
second  cUss  at  a  lower  rate,  and  those  of  the  third  class  at  a  sdll 
lower  rate.  It  is  to  be  understood  that  these  statements  refer  to 
diffcrciKcs  in  scheduled  selling  price  and  not  to  differences  in  dis- 
counts ;  the  same  scale  of  discounts  may  in  fact  be  applied  to   I 

This  system  of  class  rates  is  exemplified  by  the  scale  of 
prices  which  are  given  in  Art  rjS. 

2.  Br  '*<■  *"<■  t>/  ibe  tivii-raU  meter.  —  The  two-rate  inclcr  is  ' 
an  ordinary  watt-hour  meter  with  two  sets  of  dials,  and  a  clocc 
which  throws  into  gear  one  set  of  dials  during  the  period  of  ex  ■ 
cesstvc  station  lii.id,  between  7  and  10  P.  M.  for  example,  and 
ihc  other  set  of  dials  during  tlio  remainder  of  the  2a,  hours  of 
each  day.  When  this  meter  is  used  the  customer  is  charged  at 
«  high  rate  per  kilowatt-hour  for  tlie  energy  indicated  by  the  first 

Kt  of  dials,  and  at  a  low  rate  for  the  energy  indicated  by  tlie 
Kcond  set  of  dials. 

3.  By  th(  Hstt^  the  maximum  demand  meter. — The  maximum 
demand  meter  is  a  device,  generally  an  ammeter  in  its  eSisential 

■turcs,  of  which  the  indicator,  which  is  too  sluggish  to  be 
K0cctcd  by  a  miimcntar>-  short-circuit,  is  left  standing  at  the  point 
to  which  it  is  carried  by  the  greatest  current  used  by  the  customer 
during  the  month.  In  the  use  of  this  device  the  monthly  charge 
to  the  customer  is  so  much  for  the  maximum  rate  and  so  much 
per  kilowatt-hour  for  the  energy  indicated  by  an  ordinary  watt- 
hour  meter. 

Xta  minlmtun  charge.  —  There  is  a  certain  amount  of  scnice  ' 
rendered  to  a  customer  by  the  mere  fact  tliat  the  current  from  a  I 
centml  stabon  is  at  his  disposal  at  an>-  time  night  or  day  ;  on  the  ] 
other  band  the  interest  on  the  cost  of  the  watt-hour  meter,  1 
cost  of  its  maintenance,  and  a  portion  of  the  cost  of  the  stati 
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book-keq>ing  rq>resefit5  a  corre^xxiding  expense  to  the  station, 
and  this  expense  justifies  a  certain  fixed  charge  against  each  cus- 
tomer for  the  above-mentioned  ser\ice.  This  fixed  charge  is 
usually  made  in  the  form  of  a  minimum  monthly  charge. 

Fluctuating  and  intermittent  senrice.  —  If  the  demand  for  cur- 
rent by  each  of  the  customers  of  a  station  x'aries  in  a  purely  erra- 
tic way  from  hour  to  hour  and  from  day  to  day,  the  resultant 
demand  of  a  large  number  of  customers  vnll  approximate  very 
nearly  to  a  perfectly  uniform  demand  day  and  night.      If  there 
are  several  distinct  classes  of  customers  and  if  the  demand  for 
current  by  a  customer  in  dther  class  departs  in  a  purely  erratic 
way  fn^m  a  certain  mean  daily  regime  which  is  characteristic  of 
that  class,  then  the  resultant  demand  of  a  large  number  of  custo- 
mers will  be  very  nearly  the  same  as  if  each  customer  were  to 
use  current  in  strict  accordance  with  the  mean  regime  of  his  class. 
In  both  of  these  cases  the  system  of  charging  outlined  above 
under  cases  I.  and  II.  is  applicable  when  the  station  is  large  and 
tlu*  number  of  individual  customers  great. 

Ill  the  case  of  a  small  station  with  a  small  number  of  individual 
customers,  erratic  variations  in  daily  regime  by  individuals  be- 
comes a  serious  matter,  inasmuch  as  the  resultant  demand  shows 
considerable  erratic  variation.  In  such  a  case  any  ser\'icc,  such 
as  motor  service  for  elevators,  which  is  peculiarly  subject  to  wide 
variations  should  be  charged  for  at  a  high  rate  which  should  be 
determined  partly  by  a  consideration  of  the  mean  daily  regime 
and  partly  l)y  a  consideration  of  the  amplitude  of  the  departures 
h<»m  this  mean.  There  is  no  very  satisfactory  method  for  deter- 
mining, an  ((luitahle  char«^e  in  this  case,  in  fact  a  small  station  is 
jnsiihid  m  makm^  the  charge  for  elevator  ser\'ice,  for  example, 
prolijhitor)'. 

Advantages  of  the  meter  system  as  compared  with  the  flat  rate 
system. —  Vhr  etjuitahle  distribution  of  charges  which  is  rea- 
lized !)>'  the  use  of  the  meter  system  leads  to  an  economical  use 
of  current  and  enables  a  station  of  given  capacity  to  supply  cur- 
rent to  an  increased  number  of  customers. 
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Frequently  a  newly  installed  electric  light  plant  starts  out  on 
the  flat  rate  system,  which  it  retains  until  the  increasing  demand 
for  current  exceeds  the  capacity  of  the  station.  Then  the  meter 
system  is  adopted  to  curtail  the  waste  of  current  and  so  relieve 
the  situation. 

The  pecuniary  saving  incident  to  the  use  of  the  meter  system 
is  great  enough  to  give  the  customer  the  service  he  needs  at 
a  reduced  total  cost,  to  cover  the  cost  of  installing  and  maintain- 
ing the  meters  and  the  cost  of  the  extra  book-keeping  involved, 
and  to  yield,  in  addition,  an  increased  margin  of  profit  to  the 
station  management.  The  advantage  to  the  station  may  not 
appear,  however,  unless  the  demand  for  current  is  such  that  it 
would  exceed  the  station  capacity  if  the  flat  rate  system  were 
used.  This  is  evident  when  we  consider  that  a  very  slight  saving 
in  the  cost  of  operating  the  station  would  be  effected  by  decreasing 
a  moderate  station  load  by  adopting  the  meter  system ;  whereas 
the  large  income  that  is  in  sight  when  the  demand  foi  current 
under  the  flat  rate  system  exceeds  the  station  capacity  may  be  to 
some  extent  realized  by  the  adoption  of  the  meter  system. 


CHAPTER  VIII. 

STORAGE   BATTERIES. 

101.  Ekctroljsis.  —  WTien  an  electric  current  passes  through 
a  conducting  liquid  which  is  not  a  chemical  element  the  liquid  is 
dtjcomposed.  Thus  melted  salts,  and  acids  and  salts  in  solution, 
arc  di!cv.>mposed  by  the  electric  current  This  chemical  decom- 
position is  called  eUctrviysis^  and  the  liquid  in  which  electrolysis 
tukcs  (>lace  is  called  an  electrolyte. 

Electrol\tes  generally  have  very  high  specific  resistances  as 
o.>ittpared  with  the  metals,  so  that  electrolysis  is  usually  carried 
out  in  a  \'essel  pro\'ided  with  tM'o  flat  plates  of  metal  or  carbon 
w  hich  serve  to  lead  the  current  into  and  out  of  the  electrolyte. 
Such  an  arrangement  is  called  an  electrolytic  cell  and  the  plates  of 
metal  or  carK>n  are  called  the  electrodes.  The  electrode  at  which 
liK*  cuitvtit  cfiters  the  electrolyte  is  called  the  anode,  and  the 
ckvCK»vle  at  which  the  current  leaves  the  electrolyte  is  called  the 

v.minkIc!    a  solution  of  hydrobromic  acid    (HBr).     When  an 

sivvi'K  cuirciU  is  [.massed  through  this  solution,  hydrogen  (H)  is 

'»!k  J  uvv!  ii  ihc  cathode  and  bromine  (Br)  is  liberated  at  the  anode. 

I  I   ;viK «  i;  iIk*  tttolccule  K>i  any  dissolved  salt  or  acid  is  separated 

.s»  luo  :\i'iN  Nv  ckvtrv^lysis  ;  one  part  is  liberated  at  the  cathode 

t  1.:  <»  .  I  lev?   i'k^  ..cuijn^  and  the  other  part  is  liberated  at  the 

,  ».si».    i!kI  !n  ,\i!\\!  the  jnicn.     Thus  hydrogen  (H)  is  the  cathion 

I  k1  !MvMmiK^    l^i"^  i>i  tlio  anion  of  hydrobromic  acid.      In  all  me- 

.  I   1.     ,.ris  i'>c  mv'tal  cvMistttutes  the  cathion,  and  the  acid  radical 

'» »  .»  V  n  vv'PNittutcs  tiie  anion.     In  adds  the  hydrogen  consti- 

I..U  .  \\u   v,Mlnv»M.  aiKl  the  acid  radical  or  halogen  constitutes  the 

i»iu^|4.      I  hn>»   the  cathi^>n  oi  copper  sulphate  (CuSOJ  is  copper 

&ut  Vhv^  anK*n  i^  the  acid  radical  (SO J. 

238 
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In  many  cases  Uie  catliion  and  anion  are  not  actually  liberated 
Bt  the  electrodes,  because  of  what  arc  called  secondary  reactions. 
Thus  in  the  electrolysis  of  an  aqueous  solution  of  sodium  chloride 
(NaCI),  (he  cathion  Na.  when  it  is  liberated  at  the  cathode,  im- 
mcdBilely  reacts  upon  the  water  forming  NaOH  and  free  hydro- 
gen ;  in  the  electrolysis  of  copper  sulphate  (CuSOJ  between 
Clipper  clectri>des.  tlic  .inion  SO,  combines  with  tlie  copper  of 
the  anode  forming  fresh  CuSO,  which  goes  into  solution,  or 
which  LI  deposited  in  cryNtaU  on  the  anode  if  the  solution  is 
saturated  ;  in  the  electrolysis  of  M^SO,  between  inert  clcctiodcs: 
the  hydrogen  is  liberated  at  the  cathode  as  a  gas.  and  the  anion 
SO,  reacts  on  the  water  according  to  the  formula  SO^  +  M,0 
^  HjSO,  +  O.  and  the  free  oxygen  escapes  as  a  gas.  The 
mo  for  taking  the  unfamiliar  substance,  hydrobromic  acid,  in 
the  above  example  is  tliat  in  the  electrolysis  of  hydrobromic  acid 
there  are  no  secondary  reactions  at  the  electrodes. 

102.  The  voltaic  cell.'  — The  chemical  action  that  is  caused  by 
the  flow  of  current  thrttugh  :in  electrolytic  cell  is  confined  whi)lly 
to  the  immediate  neighborlnwd  of  the  electrodes,  and  this  chem- 
ical action  is  usually  forced,  that  is,  work  has  to  be  done  to  bring 
It  about,  or,  in  other  words,  an  outside  electromotive  force  is  rc- 
«}uircd  to  push  the  current  thmugh  the  cell. 

When,  however,  secondary'  chemical  actions  take  place  at  one 
or  both  electrodes,  it  frequentl)'  hap[)cns  that  the  total  chemical 
action  that  is  brought  about  by  the  flow  of  current  through  an 
electrolytic  cell  is  a  source  of  energy.  In  such  a  case  the  elec- 
trolytic cell  itself  can  maintain  a  current  through  the  electrolyte 
from  electrode  to  electrode  and  through  an  outside  circuit  of  wire 
which  connects  the  electrodes.  Such  an  electrolytic  cell  is  called 
a  tv/taic  ceil  or  primary  battery. 

Exam/'lfs.  —  When  a  strip  of  clean  Kinc  and  a  strip  of  copper  or 
carbon  axe  dipped  into  dilute  sulphuric  acid,  no  chemical  action 
Ukea  place.     When  the  plates  are  connected  together  by  a  wire. 


*  A  ini«ibn  of  vollsk  nil)  cannrclcl 
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a  current  immediately  starts  to  flow  through  the  circuit,  leaving 
the  cell  at  the  copper  or  carbon  electrode  (the  cathode)  and  enter- 
ing the  cell  at  the  zinc  electrode  (the  anode).  This  current  decom- 
poses the  sulphuric  acid  (H^O^),  the  hydr(^en  is  liberated  at 
the  copper  or  carbon  cathode  and  escapes  from  the  cell  as  a  gas, 
and  the  sulphuric  acid  radical  (SO^)  which  is  set  free  at  the  zinc 
anode  combines  with  the  zinc  and  forms  zinc  sulphate  (ZnSOJ 
which  goes  into  solution.  The  combination  of  Zn  and  SO^ 
develops  more  energy  than  is  required  for  the  decomposition  of 
the  HjjSO^  so  that  the  chemical  action  in  this  cell  is  a  source  of 
energy. 

The  available  energy  of  the  reaction  which  takes  place  in  the 
above  cell  may  be  greatly  increased  by  providing  an  oxidizing 
agent  in  the  neighborhood  of  the  cathode  so  that  the  hydrogen 
may  be  o.xidized  and  form  water  (Hfi)  at  the  moment  of  its 
liberation  by  the  current.  The  energy  of  this  oxidation  is  then 
added  to  the  available  energy  of  the  total  chemical  action  in  the 
cell.* 

103.  Voltaic  action  and  local  action.  —  Two  kinds  of  chemical 
action  are  to  be  distinguished  in  a  voltaic  cell :  (a)  The  chemical 
action  which  depends  upon  the  flow  of  current,  and  does  not 
exist  when  there  is  no  current;  and  (6)  the  chemical  action  which 
IS  independent  of  the  flow  of  current,  and  which  exists  whether 
the  current  is  flowing  or  not. 

The  chemical  action  which  depends  on  the  current  is  propor- 
tional to  the  current,  it  is  essential  to  the  operation  of  the  voltaic 
cell  as  a  generator  of  current,  its  energy  is  available  for  the  main- 
tenance of  tlie  current,  and  it  is  called  voltaic  action. 

Tlie  chemical  action  in  a  voltaic  cell  which  is  independent  of 
the  flow  of  current  does  not  help  in  any  way  to  maintain  the 
current,  it  represents  absolute  waste  of  materials,  and  it  is  called 
local  action.      Local  action  takes  place  more  or  less  in  ever>''  t}T5e 

*The  student  is  referred  to  Professor  U.  S.  Carhart's  Primary  Batteri^s^  published 
by  Allyn  and  Bacon,  Boston,  Mass.,  for  full  infonnation  on  primary  batteries,  ind 
primary  battery  tests. 
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r  voltaic  cell.  It  is  especially  great  in  celU  of  tiie  Greiift  t>-pc:, 
id  it  may  be  reduced  to  a  minimum  in  a  given  ty[>e  of  voltaic 
til  by  coating  tlie  zinc  with  a  thin  layer  of  mercury. 

The  Tcature  of  the  Grenet  type  of  cell  which  favors  local  action 

(  that  no  [>ro\'is!i)n  is  made  in  this  cell  to   keep  the  oxidizing 

snt,  which  in  this  case  is  potassium   bichromate  or  chromic 

ad,  confined  to  the  neighborhood  of  the  carbon  cathode,  where 

s  needed  to  oxidize  the  free   hydrogen  ;  but  it  is  allowed  to 

(  with  the  whole  of  the  electrolyte  thus  coming  into  contact 

h  the  line  anode.     Under  these  conditions  the  zinc  dissolves 

Ipidly  in  the  electrolyte  whether  a  current  is  flowing  or  not. 

1  a  well  cared  for  Grenet  cell,  even  while  it  is  being   used  to 

JVC  a  lai^e  current,  about  So  per  cent,  of  the  zinc  is  consumed 

r  local  iiction,  and  only  20  per  cent,  by  voltaic  action. 

Tbc  iMcful  consumption  of  zinc  by  voltaic  action,  while  a  vol- 

lic  cell  is*  delivering  a  given  current  for  a  spedfied  time,  is  equal 

a  the  amount  of  zinc  that  would  be  deposited  by  the  given  cur- 

t  during  the  spedfied  time  upon  the  cathode  of  an  auxiliary 

rctrolytic  cell  containing  a  solution  of  a  zinc  salt,  zinc  sulphate. 

r  example. 

An  essential  feature  of  voltaic  action  is  that  it  is  reversed  if  a 
nrrent  is  forced  backwards  through  a  voltaic  cell  by  an  outside 
»t,  provided  that  no  material  that  has  played  a  part  in  the 
voltaic  action  has  been  allowed  to  escape  from  the  cell. 
IS,  in  the  operation  of  the  simple  voltaic  cell  consisdng  of  a 
line  anode  and  carbon  cathode  in  dilute  sulphuric  acid,  the  H^SO, 
I  decomposed.  ZnSO,  is  formed  at  tlie  anode,  and  hydrogen  is 
Nrnited  at  the  cathode.  If  the  current  is  reversed  so  that  the 
1  plate  becomes  the  anode  and  the  zinc  plate  the  cathode. 
I  the  ZnSO,  previously  formed  will  be  decomposed,  metallic 
btc  yn\l  be  dc|x>sited  u[>on  the  zinc  cathode,  and  SO,  will  be 
tcnitcd  at  the  carbon  anode  where  it  will  combine  with  the  trace 
r  hydrogen  tliat  is  dinging  to  the  carbon  plate  and  form  H^O,. 
n  thi»  cell  the  greater  part  of  the  liberated  hydntgen  has  of 
Coutse  escaped   and    the   reversed    chemical    action,   due   to  a 
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c2iiiiot  long  continue.     Local  action,  on  the 

jsnii.  '^tTT'Z  iiidependent  of  current  is  not  affected  by  a 

^HJm  SBd^r  cdL  —  A  voltaic  cell  that  is  free  from  local 
liziSL'n  icc  Ji  -y^irr  all  of  the  materials  which  take  part  in  the 
-':rac  «inrn  sn  mcscrved  in  the  cell,  may  be  regenerated  after 
iSCi  rv-  ^tnidnL^  rirrrc^  rt  a  reversed  current  This  regeneration 
s  r-:c  X  die  rrrersed  chemical  action  that  is  produced  by  the 
-e"T:r?f-:  r-ui'sac  as  explained  in  the  pre\ious  article.  A  voltaic 
inl  "zzsz  >  Siiacttid  :l:  be  thus  regenerated  is  called  a  storage  cell. 
7*:k:  rr  v:::sj==^  :f  rr:;^es«sar»3a  is  called  charging  and  the  use  of  the 
:::il  li-  z:  -c^rrrc  rjeneraiDr  ts  called  discharging. 

*  C'-*^  -jv-'n^e  barrery  must  be  free  from  local  action,  the 
succrrji?-  uracil  Taks  part  in  the  voltaic  action  must  be  kept  in  the 
--I**.  jL-u  -X  iiec=r:ces  zi'jst  not  crumble  to  pieces  uith  frequent 
-:*:iivr'-"v:  :i:v:  j^'iharidiVC  '-t  the  cell. 


•    -<-    -o:   "-'   il'v:l^^  requires  a  larger  voltage  between  its 

'V-  •*•    -^^  •     :•!.:"'   -  :'m--  :t  is  able  to  maintain  while  it  is  being 

•X  • .  — '         'r*r.>  s  i-:r;  —  r«irt  :o  the  resistance*  drop  Ri  in  the 

_^"..j-:  ;>  r:i^  -^<;scir.ce  dr?p  opposes  the  flow  of  current 

xj-         .-•-.V'r^  ^'•-  -"   ii:=char5^g ;  and  it  is  due  in  part  to 

.    ^.-     ^        :x  r-.:c:;!:r-ir:»:r.  :f  the  electroK-te  at  the  electrodes 

-^     -^.-V'U   -^-^    JiscltiT^r.^  as   explained    later.     Conse- 

,•       v.  -^^  ^    I'N^  n^sc  "re  i-.r.e  in  charging  a  storage  cell  than 

^0.    ;;^    ttM  soan^ff  «iL*  —  The  voltaic  cell  which,  up  to 
iv    u>  x^'.:  T'V^.-i  to  meet  most  satisfactorily  the 


»      I*! 


^,  -»^    .-..*    >  iir'^   ir-f?:ii;r'i  To  include  what  is  sometimes  called 

— ,    -iit-iv.-:  .1  ':t<  ?v-jc^nxies,  together  with   the  efl'ect  at  the 
^.^  *  *  ^-»   >  <'Uiv'rin«r*  dl'^Mi  i'^mrsibU polarization. 

.    -     »   .-t  -Kxe  Ji'  Vac  r^roxiiie.  an  anode  of  zinc,  and  an 

>.    ..'-u  -v   iv.*v:    MBS  ^f^T   isoi  to  5*^me  extent  as  a  storage  cell; 

^ .     *,    >      .  V' ut*.  ru^jf*  llJs-126,  The  Electrician  Company, 

^  ,^^  s,^*«s^*  ,*.'■     sxn»|f^^   r-.-c  arx^e.  nickel  peroxide  cathode  in  a 

•   «4«>««^    >  ^^j-^^-iH^J  >«  -V  K.  Kettnelly  in  the  Trans.  A,  I,  E.  E.y 
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[uiremtfnts  uf  a  storage  cell,  as  above  specified,  is  3  voltaic  cell 
Mrjng  a  cathode  of  lead  peroxide  (PbO,),  an  anode  of  spongj- 
letalltc  lead,  and  an  electrolyte  of  dilute  sulphuric  acid.  The 
peroxide  and  the  spongy  metallic  lead  arc  both  converted 
insoluble  lead  sulphate  (PbSOJ  when  this  cell  delivers 
irrcnt,  and  this  lead  sulphate  is  converted  back  into  lead  pcr- 
Kidc  and  spongy  lead  respectively  when  a  reversed  current  is 
:cd  through  the  cell.  The  lead  peroxide  and  the  spongy  lead 
called  the  aciivr  matcriaii  of  the  cell.  These  active  materials 
mechanically  weak  and  porous,  and  they  are  usually  sup- 
the  interstices  of  massive  grids  of  metallic  lead, 
urthennore,  the  active  material  being  a  rather  poor  electrical 
tmductor,  the  lead  grids  serve  not  only  as  mechanical  supports, 
also  to  deliver  current  to  or  receive  current  from  the  active 
Iktcrial  which  constitutes  the  real  electrodes. 
AetioH  4^  the  cell  "U'hUf  discharging.  —  When  the  lead  storage 
delivers  current,  the  electrolyte  HjSO^  is  split  up  by  the 
nrent  into  Hj  and  SO,.  The  hydrogen  is  liberated  at  the 
where  it  reduces  the  lead  peroxide  to  PbO,  and  this 
bo  combines  with  a  pirtion  of  the  H^SO,  of  tlie  electrolyte 
PbSOj  and  water.  The  St),  which  is  liberated  at  the 
combines  with  the  siwngy  lead  and  forms  PbSO,. 
During  this  process  the  active  material  expands  because  the 
■d  sulphate  is  more  bulky  than  the  spongy  lead  and  the  lead 
iroxide ;  and  the  electrolyte  grows  less  concentrated  (and  of 
ttnc  increa^ct  in  resistance)  because  of  the  absorption  of  SO, 
» the  active  material.  This  decrease  of  concentration  is  espcci- 
!y  great  in  the  pores  of  the  active  material. 
Attion  of  thi-  cell  Tvkile  bting  charged.  —  When  the  lead  storage 
II  is  regenerated  by  forcing  a  reversed  current  through  it.  the 
bm-e-docribcd  action  is  reversed.  The  lead  sulphate  on  one 
JMtRxSc  is  converted  back  to  lead  pcro.xidc,  the  lead  sulphate 
the  other  dcctrodc  is  reduced  to  spongy  metallic  lead,  the 
iljtc  grows  more  dense,  especially  in  the  pores  of  the  active 
Ktcrul,  and  the  active  material  contracts. 
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It  is  the  usual  practice  among  electrical  engineers  to  call  that 
terminal  of  an  electric  generator  out  of  which  current  flows,  the 
positive  terminal,  and  that  terminal  into  which  current  flows,  the 
negative  terminal.  In  conformity  with  this  usage,  that  electrode 
of  a  storage  cell  which  is  cathode  during  discharge  is  called  the 
positive  grid  and  the  other  the  negative  grid.  The  positive  grids 
are  of  a  pale  salmon  color  and  the  negative  grids  are  a  neutral 
gray. 

The  following  arrangement  gives  a  clear  idea  of  the  adtion  of 
the  lead  storage  cell  while  discharging  and  while  being  charged : 


Discharging.* 

Positive  grid.  PbO,    -f-  II,SO^  +  H,  =  2H,0     -|-  PbSO^ 

Direction  of  current  throngli  the  cdl 
(negative  to  positive  grid;. 

Negative  grid.         Pb  +  SO^^  PbSO^ 

Charging.* 


—  3 

1 


Positive  grid.  PbSO^  +  7\\p  -f  SO^  =  2H^S04  +  PbO, 

Direction  of  current  through  the  cell 
(positive  to  negative  grid). 

Negative  grid.  PbSO^  -f  H,    =^  H^SO^    +  Pb 


I 


r  \v'iat:on  of  voltage  during  e  J  large  and  discharge.  —  The  elec- 
tromotive force  between  lead  peroxide  and  spongy  lead  immersed 
in  dilute  sulphuric  acid,  increases  with  increasing  concentration  of 
the  acid.  Therefore  the  voltage  of  a  lead  storage  cell,  on  open 
circuit,  is  large  when  the  cell  is  completely  charged,  because  of 
the  great  concentration  of  the  acid ;  and  it  grows  smaller  and 
smaller  with  decreasing  concentration  of  the  acid  as  the  cell  is 
discharged.  Furthermore,  while  the  cell  is  being  charged,  the 
concentration  of  the  electrolyte  in  immediate  contact  with  and 
especially  in  the  pores  of  the  active  material  is  greater  than  the 

*The  above-described  action  of  the  lead  storage  cell  constitutes  the  simple  working 
theory  of  the  cell.  These  actions  do  take  place  but  they  are  no  doubt  accompanied 
by  more  complex  aclicms  such  as  the  formation  of  pcr-sulphates  at  the  anode  and  di 
sub-sulphates  at  the  cathode.  See  7 he  Theory  of  the  Lead  Accumulator  hy  Friedrich 
Dolezalek  (English  translation  by  C.  L.  von  Ende,  published  by  John  Wiley  & 
^ns). 
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lean  conccntrttion  of  the  entire  electrolyte ;  and  while  the  cell 
disdiarging  the  concentration  of  the  electrolyte  in  contact  with 
le  acth'c  matirrial  is  less  than  the  mean.  It  is  for  this  reason 
irgKly  that  a  greater  electromotive  force  is  required  to  charge  a 
storage  cell  tlian  the  cell  maintains  while  discharging. 
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The  two  curves  in  Fig.  143.  show  the  variation  of  the  voltage 
i>etwccn  the  terminals  of  a  lead  storage  cell  while  it  is  discharg- 
ig  and  while  it  is  being  charged.  The  shapes  of  these  charge 
discharge  curves  depend  greatly  upon  the  thickness  of  the 
tfectrodcs.  titc  temperature  of  the  cell,  the  concentration  of  the 
(icctrolytc,   and   the   value    of    the     charging    or  discharging 


IVacrieai  limit  to  iliseharge.  —  The  extent  to  which  a  lead 
>iagc  cell  may  be  discharged  in  practice  is  determined  by 
e  following  considerations :  («)  The  lead  peroxide  and  the 
inc  metallic  lead  which  constit»ite  the  active  materials  of  a 
illy  charged  lead  storage  cell,  are  fairly  g(X)d  electrical  conduc- 
tn  ;  wllerea.^  the  lead  sulphate  into  which  these  materials  are 
NiveTted  by  discharge  b  an  eNtremely  |K)or  electrical  conductor, 
lucb  too  ptxrr  to  act  as  electrode  material  even  in  small  p 
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packed  in  the  interstices  of  the  lead  grids.     The  active  material 
on  the  positive  grid  must  always  contain  a  large  prof>ortion  of 
lead  peroxide  to  give  it  the  necessary  electrical  conductivity,  and 
the  active  material  on  the  negative  grid  must  always  contain  a 
large  proportion  of  spongy  lead  for  the  same  reason.     Therefore 
it  is  not  permissible  to  discharge  a  cell  so  completely  as  to  con- 
vert a  large  portion  of  the  lead  peroxide  and  spongy'  lead  into 
lead  sulphate,     {b)  The  conversion  of  all  of  the  lead  peroxide  on 
the  positive  grid  and  of  all  of  the  spongy  lead  on  the  negative  grid 
to  lead  sulphate  would  involve  an  excessive  expansion  of  the  active 
materials  which  would  be  more  likely  than  a  moderate  degree  of 
expansion  to  detach  the  active  materials  from  the  grids,     {c)  When 
a  storage  cell  is  discharged  beyond  a  certain  limit  its  electromotive 
force  falls  off  excessively. 

Usually  a  lead  storage  cell  is  not  discharged  beyond  the  point 
at  which  its  voltage  falls  to  1.8  volts  while  giving  its  full  rated 
current,  and  in  the  usual  types  of  cells  this  degree  of  discharge 
corresponds  to  the  conversion,  of  from  |  to  ^  of  the  active  material 
into  load  sulphate. 

Limit  to  c/iari:^t\  —  When  all  of  the  active  material  on  the  posi- 
tive antl  nci^ativc  grids  is  converted  into  lead  peroxide  and  spong}' 
lead  rcspcctivch',  then  a  continuation  of  the  charging  current 
causes  hytlrogcn  gas  to  be  liberated  at  the  negative  grids  and 
oxyi^cn  i^as  to  be  liberated  at  the  positive  grids  without  produc- 
ing tUiy  further  chemical  change  in  the  active  material.  This  evo- 
lution o{  gas  is  not  especially  harmful  to  the  cell  unless  it  be- 
comes si>  violent  as  to  cause  the  disintegration  of  the  active 
nKileriiil  h\'  the  production  of  bubbles  within  the  pores,  or  between 
the  acti\e  material  and  the  solid  metal  of  the  grid. 

Ciifncity.  —  The  capacity'  of  a  storage  cell  is  expressed  in 
ampere-hours,  that  is  to  say.  in  terms  of  the  product  of  the  cur- 
rent in  amperes  times  the  number  of  hours  that  the  cell  can  de- 
li\er  the  current  when  it  is  operated  between  the  practical  limits 
of  charge  and  discharge.     The  capacity  of  a  storage  cell  varies 

^atly  with  the  discharge  rate  as  explained  later. 
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Efficiency.  —  The  energy  efficiency  of  a  storage  battery  is  the 
ratio  of  the  energy  delivered  by  the  cell  during  discharge  to  the 
energy  delivered  to  the  cell  during  charge.  The  efficiency 
ranges  from  70  to  95  per  cent,  according  to  the  conditions  of  use 
of  the  battery.  If  the  battery  is  discharged  to  1.8  volts  per  cell, 
then  completely  charged,  then  discharged  to  1.8  volts  per  cell, 
and  so  on,  the  efficiency  varies  from  about  70  per  cent,  with  high 
rates  of  charge  and  discharge  to  about  80  per  cent,  with  low 
rates  of  charge  and  discharge.  If  the  battery  is  charged  and 
discharged  through  a  very  narrow  range  during  short  intervals 
of  time,  for  example  if  a  battery  is  charged  for  one  minute  then 
discharged  for  one  minute  repeatedly,  its  efficiency  may  be  as 
high  as  93  or  94  per  cent. 

Rates  of  charge  and  discharge.  —  The  current  delivered  by  a 
storage  cell,  or  the  current  used  in  charging  it,  measures  its  rate  * 
of  discharge  or  charge.  Thus  one  may  properly  speak  of  a  ten- 
ampere  rate  of  charge  or  discharge.  When  a  storage  cell  is 
discharged  at  a  high  rate  the  voltage  of  the  cell  tends  to  fall  off 
rapidly,  partly  on  account  of  the  large  Ri  drop  in  the  cell,  but 
chiefly  because  of  the  fact  that  the  rapid  absorption  of  the  sul- 
phuric acid  in  the  formation  of  lead  sulphate  makes  the  acid  in 
the  pores  of  the  active  material  very  dilute.  On  the  other  hand, 
when  a  cell  is  charged  at  a  high  rate  the  voltage  tends  to  rise 
excessively. 

Furthermore,  in  rapid  charging  or  discharging  the  tendency  is 
for  the  surface  layers,  only,  of  the  active  material  to  take  part  in 
the  voltaic  action,  so  that  the  ampere-hour  capacity  of  the  cell  is 
reduced,  and  the  rapid  and  non-uniform  expansion  and  contraction 
of  the  active  material  tends  to  cause  disintegration. 

106.  Examples  of  storage  battery  grids.  — There  are  two  general 
processes  for  making  storage  battery  grids,  namely :  {a)  The 
Plante  process  and  {b)  the  Faure  process.     In  the  Plante  process 

*  A  dischai^e  rate  is  usually  si>ecified  in  practice  by  giving  the  number  of  hours 
required  to  discharge  the  cell  at  the  given  rate.  Thus  engineers  speak  of  a  two-hour 
rate,  a  fiTe-hour  rate,  etc. 
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a  lead  plate  \tith  a  finely  corrugated  surface  is  subjected  to  the 
action  of  a  suit^le  add  bath  which  converts  the  surface  layers 
of  the  met^  into  active  material  by  corrosion.  Plante's  original 
process  u-as  to  expose  the  lead  plates  to  the  action  of  dilute  sul- 
phuric add,  the  corroding  action  of  which  he  accelerated  by  mak- 
ing the  plates  alternately  anode  and  cathode.  In  the  modilied 
Plante  processes  *  now  used  the  corrosion  is  accelerated  by  the 
addition  of  a  small  percentage  of  a  lead  dissolving  add,  such  as 
nitric  add  or  acetic  add. 

In  the  Faure  process  the  active  material  is  manufactured  ui 
bulk  by  any  suitable  chemical  process  and  introduced  mechanically 
into  the  interstices  of  the  lead  grids-t  Faure's  original  process 
which  is  still  extensively  used  was  to  apply  the  active  materia! 

Min  the  form  of  a  paste  made  by  wetting 
litliai^e  or  a  mixture  of  litharge  and 
red  lead  u-ith  dilute  sulphuric  add. 
The  grid  of  the  Gould  storage  bat- 
tery, which  is  shown  in  Fig,  144,  is  an 
example  of  a  grid  made  by  the  acceler- 
ated Plante  process.  Thick  plates  of 
metallic  lead  of  the  desired  shape  are 
placed  bet\\een  rapidlj'  rotating  spinning 
j^^  rolls  which  raise  thin  fins  of  the  metal  wi 

the  faces  of  the  plate.  A  central  web  and 
cross-ribs  of  untouched  lead  are  left  to  give  the  grid  the  requisite 
strength  and  conductivity,  and  the  active  material  is  formed  over 
the  greatly  increased  surface  of  the  fins  by  a  process  of  corrosion. 
Mach  spinning  roll  con.sists  of  a  large  number  of  thin  steel  disks 
with  thin  -Spacing  washers  between,  all  clamped  rigidly  together 
i)n  a  shaft.  1  he  positive  grid  always  gives  more  trouble  from 
buckling  and  it  is  weakened  by  corrosion  much  more  rapidly 

•S-.:  .V/:---.;,-^  /).,//frr  A«--/«,vr/-,.-,  hy  I_imar  LiTidon,  Chaplrr  XVI. 
t  A  varuriv  cif  (;riils  made  liy  hh  nil  Ilea  I  ion*  of  the  Faure  process  are  described  bj 
l.yn.l.,n,  .S/y-vi,-^  /f,i/Ury  Kn^int-erin^r,  Chapter  WII. 
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than  the  negadve  grid  and  therefore  a  greater  number  of  cross- 
tibs  is  left  on  tlie  positive  grid  than  on  the  negative  griii. 

The  grids  of  the  stationary  type  of  storage  cell  of  the  Electric 
;Storage  Battery  Company,  which  is  known  as  the  "Chloride" 
fCcU,  are  shown  in  Fig.  145.  This  figure  also  shows  one  of  the 
thin  corrugated  wooden  plates  which  are  used  as  separators  be- 
ihveen  the  grids.  The  positive  grid  of  this  cell  is  a  plate  of  lead- 
antimony  alloy  cast  with  numerous  holes  into  which  circular 
.plugs  or  coils  of  pure  corrugated  lead  tape  are  placed.  These 
'plugs  are  then  converted  into  active  material  by  an  accelerated 
Plante  process.      The  negative  grid  is  made  by  inserting  .small 


PosH.vc  grids. 


NegBlive  grids. 


blocks  of  active  material  into  holes  in  a  grid  of  pure  lead.  This 
grid  is  made  in  two  halves  which  are  pressed  together  over  the 
jblocks  of  active  material  and  riveted  together  under  pressure. 

The  grids  of  the  portable  tj-pe  of  storage  cell  of  the  Electric 

Storage  Battery  Company,  which  is  known  as  the  "  Exidc"  cell, 

!  grids  cast  of  a  lead-antimony  alloy.     The  interstices  in  the 

losrtive  grid  are  lilled  with  a  paste  of  red  lead  and  sulphuric 

I,  and  the  interstices  of  the  negative  grids  are  filled  with  a 

[paste  of  litharge  and  sulphuric  acid. 

Storage  battery  grids  made  by  the  Plante  process  are  usually 
I  heavier  than  Fanre  grids  of  the  same  capacity,  but  the 
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sure  that  the  grids  are  not  connected  by  a  block  of  detached  ac- 
tive material.  Sulphatation  and  buckling  are  usually  due  to  long- 
continued  standing  at  discharge,  which  is  brought  about  by  an 
unnoticed  internal  short-circuit  of  the  cell. 

A  storage  cell  should  not  be  allowed  to  stand  discharged  for 
any  length  of  time. 

A  storage  battery  standing  unused  should  be  partly  discharged 
and  immediately  recharged  at  least  once  per  week. 

When  a  storage  battery  is  to  be  put  out  of  service  for  a  long 
time,  it  should  be  partly  discharged,  the  electrolyte  should  then 
be  drawn  off  from  each  cell  and  pure  water  poured  in  immedi- 
ately, then  the  battery  should  be  short-circuited  until  the  voltage 
(on  open-circuit)  falls  to  about  0.5  volt  per  cell.  The  celk 
should  then  be  rinsed  with  several  changes  of  water,  allowing 
the  plates  to  soak  thoroughly  in  each,  and  the  final  washing  \i'ater 
should  be  drawn  off  and  the  plates  allowed  to  dry.  When  the 
battery  is  again  put  into  commission  it  is  only  necessary  to  pour 
in  electrolyte  and  give  the  battery  a  long-continued  over-charge. 

Sulphatation  of  the  grids  of  a  lead  storage  cell  consists  *  of 
the  conversion  of  portions  of  the  active  material  wholly  into  lead 
sulphate.  This  pure  sulphate  is  a  very  poor  conductor  and,  once 
it  is  formed,  it  is  difficult  to  make  it  act  as  anode  or  as  cathode 
and  thus  reconvert  it  to  lead  peroxide  or  to  spongy  lead  respec- 
tively. A  layer  of  pure  lead  sulphate  sometimes  forms  between 
the  active  material  and  the  metallic  lead  of  the  grid,  and  some- 
times the  external  surface  of  the  active  material  becomes  covered 
with  a  crust  of  pure  sulphate.  Pure  lead  sulphate  is  white  and 
whenever  white  spots  appear  "on  the  grids  of  a  lead  storage  cell, 
the  cell  should  be  subjected  to  a  very  long-continued  over-charge 
in  the  attempt  to  reduce  the  pure  lead  sulphate  into  active 
material. 

The  normal  discharge  rate  of  a  lead  storage  cell,  on  the  basis 
of  an  eight-hour  discharge,  is  from  6  to  7  amperes  per  square  foot 

^It  is  claimed  by  some  authorities  that  sulphatation  consists  in  the  formation  of  hj- 
drated  lead  sulphate. 
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of  positive  grid  area,  where  positive  grid  area  is  equal  to  2/^//, 
/  being  the  length,  b  the  breadth  of  each  grid,  and  n  the  number 
of  positive  grids.  The  reason  for  referring  the  discharge  rate  to 
the  area  of  the  positive  grids  rather  than  to  the  area  of  the  nega- 
tive grids  is  that  the  positive  grids  are  always  one  less  in  number 
than  the  negative  grids,  so  that  both  sides  of  every  positive  grid 
are  active. 

The  discharge  rate  of  a  storage  battery  in  amperes  should 
never  exceed  four  or  five  times  the  normal  rate  of  discharge 
(eight-hour  basis).  If  a  greater  current  must  be  taken  from  the 
battery  it  should  be  for  a  few  minutes,  only,  and  the  battery 
should  be  at  full  charge. 

The  rate  of  charge  may  be  high  when  the  battery  is  nearly 
discharged,  but  it  should  be  low  when  the  battery  approaches 
full  charge,  especially  after  the  evolution  of  gas  begins.  A  good 
rule  for  rapid  charging  is  to  deliver  to  the  battery  35  per  cent,  of 
the  total  ampere-hours  during  the  first  hour ;  52  per  cent,  during 
the  next  two  hours,  and  14  per  cent,  during  the  fourth  hour. 
Thus  a  100  ampere-hour  cell  may  be  completely  charged  in 
four  hours  by  using  a  charging  current  of  35  amperes  during  the 
first  hour,  2^  amperes  during  the  second  and  third  hours,  and 
14  amperes  during  the  fourth  hour. 

Very  slow  charging  is  injurious.  The  charging  current  should 
never  be  less  than  about  one  fourth  of  the  normal  discharge  rate 
of  the  cell  (on  an  eight-hour  basis). 

The  variation  of  the  ampere-hour  capacity  with  the  rate  of  dis- 
charge depends  greatly  upon  the  thickness  of  the  active  material 
and  the  freedom  of  circulation  and  diffusion  of  the  electrolyte. 
The  values  for  the  stationary  batteries  of  the  Electric  Storage 
Battery  Company  are  as  follows:  A  cell  that  has  100  ampere- 
hours  capacity  on  an  eight-hour  discharge  (12.5  ampere  dis- 
charge rate)  has  a  capacity  of  87.5  ampere-hours  on  a  five-hour 
discharge  (17.5  ampere  discharge  rate),  75  ampere-hours  on  a 
three-hour  discharge  (25  ampere  discharge  rate),  and  50  ampere- 
hours  on  a  one-hour  discharge  (50  ampere  discharge  rate). 
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108.  The  use  of  storage  batteries.^ — Storage  batteries  arc 
used  for  the  one  fundamental  purpose  of  storing  electrical  energy 
at  a  given  time  and  place  in  order  that  it  may  be  used  when  and 
where  it  may  be  de^ed.  The  large  first  cost  of  storage  cells 
and  their  rapid  depreciation,  which  amounts  to  from  5  to  lo  per 
cent  per  annum  even  when  they  are  properly  cared  for,  limits 
their  commercial  use  to  those  cases  in  which  the  advantages  of 
storage  are  very  great. 

Portable  cells.  —  Storage  cells  which  are  intended  to  be  carried 
about  are  generally  made  as  light  as  possible  by  using  thin  grids 
and  hard  rubber  containing  vessels  ;  and  even  then  the  weight  is 
very  great.  Thus  a  storage  battery  designed  for  car  lighting, 
and  capable  of  operating  thirty  i6-candle-power  incandescent 
lamps  for  8  hours,  weighs  about  3,240  pounds.  The  necessity 
of  recharging  a  battery  promptly  after  it  has  been  used  is  also  a 
serious  matter,  and  storage  cells  which  are  used  in  small  sets  for 
driving  small  motors  and  induction  coils  are  almost  never  prop- 
erly cared  for,  and  therefore  they  last  but  a  very  short  time. 

Statio7iary  cells.  —  Storage  batteries  are  most  extensively  used 
in  connection  with  central  stations  : 

{a)  For  supplying  the  station  output  during  the  hours  of  small 
demand.  In  this  case  the  battery  is  charged  while  the  station 
is  in  operation,  and  discharged  during  the  remainder  of  the  day. 
thus  obviating  the  expense  of  operating  the  station  continuously. 

{h)  For  equalizing  a  rapidly  fluctuating  station  load.  In  this 
case  provision  is  made  for  the  battery  to  charge  while  the  station 
load  is  below  the  average  and  to  discharge  while  the  station  load 
is  above  the  average.  This  is  the  most  important  use  of  large 
storage  battery  installations,  and  the  cost  of  installing  and  main- 
taining the  battery  is  set  over  against  the  saving  in  the  first  cost 
of  the  station  and  the  saving  in  the  cost  of  operating  the  station. 

(r)  y\s  a  reserve.  In  alternating-current  generating  stations  a 
small  direct-current  generator  is  used  to  excite  the  field  magnets 

*  A  very  complete  discussion  of  the  uses  of  storage  batteries  is  given  by  Lamar 
Lyndon,  in  his  Storage  Battery  Engineering. 
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the  alternators,  and  it  is  desirable  either  to  duplicate  this 
ect-curreiit  generaling  machinery  or  install  a  storage  battery  so 
:  the  staticin  may  not  be  thrown  out  of  service  by  a  slight 
:idcnt  to  a  comparatively  insignificant  part  of  the  station 
ichincfy. 

C^tttrolliug  Dftws.  —  When  a  storage  battery  is  used  for 
crating  motors,  as  in  case  of  automobile  batteries  for  example, 
attempt  is  made  to  compensate  for  decrease  of  battery  votta^je 
ring  discharge.  When,  however,  a  battery  is  used  for  oper- 
Ojj  incandescent  lamps,  the  decrease  of  battery  voltage  during 
charge  must  be  compensated  so  as  to  give  a  constant  voltage 
wccn  the  lighting  mains. 
When  a  storage  battery  is  used  for  equalizing  a  rapidly  flue- 
ling  station  load,  provision  must  be  made  for  automadcally 
tising  the  biittcrj'  to  discharge  when  the  station  load  is  large 

fd  ti»  tharyc  when  the  station  load  is  small. 
109.  The  nse  of  the  storage  l>attery  for  supplying  the  station 
t  daring  the  hours  of  small  demand.  —  When  a  storage 
Itcry  is  ui^ed  for  this  purpose  it  is  nearly  always  required  to 
ivcr  current  at  constant  volt- 
•„     A    sufficient    number   of 
cells   is    used    to    give 
required  voltage   when   the 
:s  discharged  and  has  1 .8 
»  per  cell,  and  the  control- 
;  de\-tce  is  arranged  to  ti(;e 
I  the  excess  uf  voltage  \t'lien 
!  batter}'  voltage  ts  higher  than 
■  desired  value 

CoiOroi  of  votlage  by  rheostat, 
c  current,  i,  delivered   by  the 

tefj*  b  made  to  flow  ihrou^ih  "^ '^^^ 

adjustable  resistance,  A',  I-"ig, 

,  so  that  the  excess  of  battery  voltage  may  be  used  up  as  the 
|tB£C  drop,  ^f,  in  the  resistance.     When  the  lamp  load  is  con* 
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stant  this  method  of  control  is  fairly  satisfactory,  for,  in  this  case, 
the  resistance  has  to  be  adjusted  only  as  the  battery  voltage  falls 
off.  When  the  lamp  load  fluctuates,  however,  the  rheostat  re- 
quires constant  attention,  inasmuch  as  the  voltage  drop,  AV,  in 
the  rheostat  may  change  suddenly  with  a  sudden  change  of  load. 

Control  of  voltage  by  counter-electromotivc-force  cells.     When 
current  flows  through  a  low-resistance  electrolytic  cell  consisting 
of  plain  lead  plates  in  dilute  sulphuric   acid,  the  voltage  drop 
through  the  cell  varies  from  about  2.  i  to  2.4  volts  according  to 
the  value  of  the  current.     The  excess  voltage  of  a  discharging 
storage  battery  may  be  taken  up  by  causing  the  current  to  flow 
through  a  number  of  such  cells  connected  in  series,  the  number 
being  reduced  as  the  battery  voltage  decreases.     The  adx'antage 
of  this  arrangement  is  that  the  voltage  which  is  lost  in  these  con- 
trolling  cells   does  not  vary  greatly  with    the    current.      This 
method  of  voltage  control  is  seldom  used  in  practice.     It  has  no 
advantage  over  the  rheostat  method  when  the  load  is  constant, 
and  the  end-cell  method  is  usually  preferred  when  the  load  is 
variable. 

Control  of  voltage  by  eml-cells.  This  method  of  control  will  be 
explained  by  giving  an  actual  example  of  a  battery  to  be  used  for 
delivering  current  at  1 10  volts.  The  lowest  permissible  voltage 
at  the  end  of  the  discharge  is  usually  taken  to  be  1,8  volts  per 
cell.  Therefore  the  number  of  cells  required  to  give  a  minimum 
of  1 10  volts  is  1 10  -i-  1.8,  which  is  equal  to  61.  The  highest 
voltage  is  about  2.15  volts  per  cell  at  the  very  beginning  of  the 
discharge  (see  Fig.  143),  and  51  cells  are  therefore  required  at 
the  very  beginning  of  the  discharge  to  give  1 10  volts.  There- 
fore, the  entire  battery  being  fully  charged,  5  i  cells  are  used  at 
the  beginning  of  the  discharge,  and  as  the  voltage  of  the  batter}' 
falls  off  the  number  of  cells  is  increased,  by  connecting-in  addi- 
tional cells  at  one  end  of  the  set,  until,  when  the  battery  reaches 
the  limit  of  discharge,  all  of  the  61  cells  are  in  service.  Under 
these  conditions  it  is  evident  that  the  end-cells,  which  are  in  ser- 
vice only  a  portion  of  the  time  during  the  delivery  of  current  by 
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f  not  completely  discharged.  Therefore,  when  the 
barged,  the  end-cells  are  placed  in  circuit  at  the 
atC  out  one  by  one  when  they  become  fullj-  cliarged,  as 
fi>r  example,  by  the  copious  evolution  of  gas. 
ortaiU  detail  in  the  carrying  out  of  the  end-cell  method 
control  is  the  design  of  the  switch  for  connecting  and 
ing  the  end-cells  witliout  interrupting  the  delivery  of 
id  without  momentarily  short-circuiting  the  individual 
sitial  features  of  this  end-cell  switch  arc  shown  in 
t  terminals  of  the  cnd-cclls  are  brought  out  to  a 


1        ^^WWVVt_ 


i  blocks,  fcri.  and  the  movable  contact  consists 
if  a  and  h,  which  tugether  bridge  across  [>ctween  the 
when  ihcy  arc  moved  along  and  short-circuit  a  cell 

ticc.  R,  which  is  large  enough  to  limit  the  short- 
about  the  value  of  the  normal  discharge  current 
'er.  —  in  the  use  of  a  storage  battery  as  abm-e 
a  voltage  greatly  in  excess  of  the  normal  station  volt- 
din  charging,  especially  when  the  battery' approaches 
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series  motor  (a  negative  booster),  M,  as  shown.  The  power  de- 
veloped by  M  is  belted  back  to  the  main  generator  G.  When 
the  elevator  motor  takes  but  little  current  the  voltage,  E^,  is  high 
and  the  battery  is  charged.  When  the  elevator  motor  takes  a 
lai^e  current,  the  current  flowing  in  the  series  field  coil,  S,  of  the 
auxiliary  motor,  M,  causes  it  to  develop  an  increased  counter 
electromotive  force  so  that  E^  is  decreased  and  the  batteiy  dis- 
charges. The  motor,  M,  produces  an  efiect  which  is  equivalent 
to  a  voltage  drop  in  a  long  pair  of  feeders,  and  the  battery  operates 
exactly  like  a  floating  battery. 

The  motor,  M,  keeps  the  output  of  the  main  generator,  G,  much 
more  nearly  constant  if  it  is  provided  with  two  field  windings,  5 
and  S",  which  oppose  each  other.  In  this  case  the  windings,  5 
and  S',  may  be  made  to  balance  each  other  when  the  elevator 
motor  takes  its  average  current.  Then  if  the  elevator  motor  takes 
less  than  its  average  current  the  coil,  S',  predominates,  M  becomes 
a  generator,  increases  E^  and  causes  the  battery  to  be  chained; 
if  tiie  elevator  motor  takes  more  than  its  average  current  the  coil, 


S.  predominates,  AT  becomes  a  motor,  decreases  £,,  and  causes 
the  battery  to  discharge.  The  use  of  the  additional  field  winding, 
S' ,  which  opposes  S,  makes  it  possible  to  use  many  more  turns 
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wire  in  the  winding,  S,  so  that  a  very  small  variation  of  current 
S  will  produce  the  variations  of  voltage  required  to  control 
e  storage  battery. 

The  diffcrtHtiitl  boostft:  —  Fig.  1  5 1  shows  an  arrangement, 
ic  to  MaiIlou.v,  in  which  a  booster,  B,  is  actuated  by  variadons 
'  line  current.  The  booster  has  two  opposing  field  windings, 
and  S .  When  tlie  demand  for  current  is  at  its  average  value 
e  windings,  5  and  ,V,  balance  each  otlicr,  the  small  generator, 
,  develops  no  electromotive  force,  and  the  battery  neither 
ui^cs  nor  discharges.  When  the  line  current  is  excessive  the 
inding,  S,  predominates,  and  the  voltage  of  B  helps  the  bat- 
to  discharge ;  when,  however,  the  line  current  is  small  the 
inding.  .V,  predominates  and  the  reversed  voltage  of  B  helps 
line  voltage  to  charge  the  battery. 


I  SaasifT  tuiik  automatic  carbon  rhtostat  control.  —  Fig.  i  S  2 
owa  a  carbon  rheostat,  RR^^  connected  across  the  terminals  of 
B  storage  battery,  and  the  field  winding,  F,  of  the  booster.  B, 
i  from  the  middle  of  the  rheostat  to  the  middle  of  the 
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battery.  A  solenoid.  5,  pulls  on  an  iron  plunger  which  is  atucheH 
to  one  end  of  the  lever,  //,  Two  lugs  on  this  lever  press  m 
the  two  piles  of  carbon  plates,  K  and  H',  which  constitute  the 
rheostat.  The  current  in  the  field  winding,  F,  is  zero  when 
the  resistances,  R  and  R',  of  the  piles  of  carbon  plates  arc  equal, 
the  current  through  /•  is  in  one  direction  when  V?  is  greater  ' 
A",  and  in  the  other  direction  when  R  is  less  than  Ji'. 


Increase  in  (he  line  current  above  its  mean  value  produces  i 
slight  increase  of  current  in  5"  which  incrcancs  the  pull  on  the 
lever,  reduces  R  and  increases  fi',  and  .so  excites  the  field  of  the   | 
booster  as  to  cause  the  batteiy  to  discharge.      In  a  similar  inaniKi 
a  decrease  of  line  current  below  its  mean  value  causes  the  bit-  I 
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lery  to  chaise.  In  practice  the  current  controlled  by  the  rheo- 
stat, Hfi',  excites  the  field  magnet  of  a  very  small  auxiliary  gen- 
erator which  delivers  current  to  the  field  winding  of  the  booster. 

The  loss  of  power  in  the  rheostat,  J)!N',  is  thus  greatly  reduced. 

A  general  view  of  the  automatic  carbon  rlieostat,  as  manu- 
factured by  the  Electric  Storage  Battery  Company,  is  shown  in 
Fig-  153- 

Example  showing  the  (qutUizing  effect  of  an  automatically 
regulated  storage  battery  upon  the  generator  load  in  a  street  rail- 
way plant. —  The  ordinates  of  the  extremely  irregular  curve  in 
Fig.  154  represent  during  an  interval  of  ten  minutes  the  fluctu- 
ating demand  for  current  at  a  typical  railway  power  station, 
Without  a  storage  battery  the  generators  would  have  to  meet 
this  extremely  irregular  demand,  varying  from  a  minimum  of 
about  iSo  amperes  to  a  maximum  of  about  S50  amperes.  The 
ordinates  of  the  slightly  undulating  dotted  curve  show  the  values 
of  generator  output  when  an  adequate  storage  battery  is  installed. 
[n  this  particular  case  tlie  battery  was  regulated  by  a  booster  of 
Which  the  field  excitation  was  under  the  control  of  a  carbon 
rheostat  as  shown  in  Fig.  153.  When  the  total  load  curve  is 
above  the  dotted  curve  the  battery  discharges  and  when  the  total 
load  curve  is  bi'low  the  dotted  curve  the  battery  charges. 

The  general  average  of  the  generator  load  must  be  slightly 
greater  tlian  the  general  average  of  the  station  output  inasmuch 
9  some  energy  is  lost  in  the  battery,  but  the  average  generator 
load  during  a  short  period  may  be  much  greater  or  much  less 
than  the  average  station  output  during  the  period.  Thus  the 
jiverage  station  output  during  the  ten-minute  run  shown  in  Fig. 
1 54  was  evidently  greater  than  the  average  generator  load  during 
hat  time  so  that  the  battery  was  on  the  whole  being  discharged. 

Example  of  a  storage  battery  and  booster  installation*  —  A 
ower  station  supplies  current  at  a  constant  electromotive  force 

1  cxBinpIc  of  a  lai^s  slorage  batlery  injtalUlioti  is  dpscribed  by  FrinliUn  E. 
in  Ihe  5Crf./  /{.litUHiy  JcHrna/  (oT^t^l.  31,  1901,  -'The  Application  of  Storage 
■atOlbeSvilemofUie  B™:,kl)Ti  ITeighU  Railroad  Company." 
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a!  5CX)  volts  to  a  street  rannay  and  the  demand  for  current  \'anes 
irregularly  froni  zero  to  a  maximuai  value  of  400  amperes,  lu\'ing 


a  mean  value  of  1 50  amperes.     The  boiler,  engine  and  generator 
are  designird  to  deliver  a  little  more  than  the  mean  station  load 
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75  kiloH'atts,  and  the  variations  of  load  are  equalized  by  a 
oragc  battery  which  has  to  deliver  a  maximum  current  of  250 
npcrcs  (=400  amperes—  150  amperes)  on  discharge,  and  ab- 
irb  the  CTitire  gcncralor  output  of  1 50  amperes  when  the  station 
lad  is  lero.  On  account  of  the  greater  va!  ues  of  current  on  dis- 
lai^e  than  on  charge,  the  maximum  duty  of  the  booster  is  !es- 
tncd  by  choosing  the  number  of  storage  cells  so  as  to  liave  the 
I  voltage  of  the  battery  greater  than  tlie  station  voltage. 
E  storage  battery  in  fact  consists  of  234  cells,  which  require  a 
1  cltarging  electromotive  force  of  about  562  volts  (2.4 
olts  per  cell),  and  the  batter>-  is  never  discharged  below  445 
oJts  (1.9  volu  per  cell).  The  duty  required  of  the  booster 
irics  between  wide  limits.  The  heaviest  duty  required  for 
urging  the  battery  comes  when  the  battery  is  at  nearly  full 
lai^c  and  the  demand  for  current  zero ;  then  the  booster  must 
ndop  62  volts  with  150  am[>eres  of  current  flowing  through 
i  armature.  The  heaviest  duty  required  for  discharging  the 
Bitcry  comes  when  the  battcrj'  is  nearly  dischai^ed  and  the  de- 
nd  for  current  a  maximum ;  then  the  booster  must  dei'clop 
5  volts  with  250  amperes  in  its  armature.  The  booster  would 
Icreftire  be  rated,  say,  as  a  55-volt  250-ampere  generator,  inas- 
luch  as  the  voltage  of  such  a  machine  could  be  easily  pushed 
»  to  62  volts  with  an  armature  current  of  only  150  amperes. 
1  booster  differs  from  an  ordinarj'  generator  in  ha\ing  a  very 
e  s]>acc  provided  for  its  field  windings  so  as  to  gi\  c  room  for 
c  two  opposing  windings  .V  and  .^' of  Fig.  151.  This  booster 
■y  be  driven  by  the  same  engine  that  drives  the  main  gener- 
tor,  or.  as  is  more  usual,  by  a  shunt  motor  which  is  supplied 
1  current  from  the  station  bus  bai^s. 


CHAPTER  IX. 

ELECTRIC  DISTRIBUTION  AND  WIRING. 

111.  Series  and  parallel  systems  of  distrilmtidn. — The  con- 
stant-voltage method  of  electrical  distribution  is  briefly  discussed 
in  Art.  41  and  the  system  of  connecting  lamps  and  motors  in 
parallel  between  the  supply  mains  in  the  carrying  out  of  the 
constant-voltage  method  is  shown  in  Fig.  69.  This  is  called  the 
parallel  system  of  distribution.  The  constant-current  method  of 
electrical  distribution  is  also  briefly  discussed  in  Art  41,  and  the 
system  of  connecting  lamps  in  series  in  the  carrying  out  of  the 
constant-current  method  is  shown  in  Fig.  68.  This  is  called  the 
series  system  of  distribution.  The  parallel  system  of  distribution 
is  used  in  the  great  majority  of  electric  installations  both  for 
direct  current  and  for  alternating  current.  In  the  case  of  alternat- 
ing-current distribution  the  use  of  transformers,  and  especially  the 
employrnent  of  several  phases  of  voltage  and  current,  complicates 
the  scheme  of  connections  to  some  extent  as  described  in  the 
second  volume  of  this  text.  The  series  system  of  distribution  is 
generally  used  for  street  lighting  in  cities  and  in  some  cases  for 
power  transmission  by  series  generators  and  motors.* 

Coniln nations  of  series  and  parallel  eonneetions,  (ol)  Connection 
of  scriis-f^roups  in  parallel,  —  When  the  voltage  of  supply  in  the 
constant- voltage  method  of  distribution  is  greater  than  can  be 
conveniently  used  for  operating  single  lamps,  the  lamps  are  usually 
arranged  in  groups,  each  group  consisting  of  a  number  of  lamps 

*'rhury's  Systt'tn  of  Direct-current  Power  Transmission.  See  London  EUctrician. 
Vol.  I'Si,  pa^es  68  5-6S7,  March  19,  1897;  Zeitschrift  fiir  ElectroUfhnik  (Vienni), 
Vol.  16,  paj^es  5-10,  1898  ;  Ihtllttin  de  la  SociHi  Intffnational  des  ElectricunSy 
Vol.  17,  pages  9-93,  January,  1900;  and  Electrical  Review  {^^^V9  York),  January, 
1 901. 
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onnccted  in  series,  and  these  groups  of  lamps  arc  connected  in 
lanllcl  with  each  otlicr  across  die  mains.  This  arrangement  is 
xemplificd  in  the  lighting  of  electric  cars  where  the  standard  sup- 
ily-voltage  is  5  50  volts  and  where  the  lamps  for  lighting  the  cars 
lually  I  lo-volt  lamps  connected  in  series-groups  of  five 
s  each,  these  groups  being  connected  in  parallel  with  each 
ptfacr  between  the  trolley  and  the  rail.  A  similar  arrangement  is 
mplciyed  for  the  very  low  voltage  osmium  lamps  •  which  are 
coming  into  extensive  use  abroad.  Thus  three  37-voU 
tsmium  lamps  arc  connected  in  a  scHcs-group  and  such  groups 
c  connected  in  parallel  with  each  other  across  sUtndard  1  lo-volt 


(i)  Tkt  rotmection  of  parallel-groups  of  lamps  tti  siries.  —  In  the 
nriy  days  of  electric  Ughling  tlie  constant-current  method  of 
[upplying  arc  lamps  for  street  lighting  was  quite  common.  Many 
towns  which  were  provided  with  tliis  series-system  of  distribution 
wen:  not  provided  with  any  other  means  for  supplying  incandcs- 
xnt  tamps,  and  the  only  feasible  method  for  operating  incandes- 
t  lamps  was  to  connect  a  group  of  such  lamps  in  parallel 
md  to  connect  this  group  in  series  in  the  arc-lamp  circuit.  This 
imtlgemcnt  is  now  selilom  ur  never  used. 
Adt-antages  anJ  tiisadi'anlagts  of  the  connection  of  series-groups 
^  lamfis  in  (raraUei.  — In  order  to  clearly  understand  tlie  advan- 
s  of  grouping  electric  lamps  in  scries  it  is  necessary  to  keep 
1  mind  the  fact  that  in  the  earlier  days  of  electric-lighting  clcc- 
ric  lamps  could  not  be  made  satisfactorily  for  higher  voltages 
ban  about  100  or  t  to  volts  ;  and  that,  at  the  present  time,  the 
lighcr-voltage  carbon-filament  lamps  arc  less  efficient  or  shorter 
ivcd  than  low-voltage  lamps  because  of  the  excessively  small 
c  of  the  filament  of  a  high-voltage  lamp.  Thi$  may  be  summed 
Up  m  the  general  statement  tliat  the  electric  lamp  is  essfNlialty  a 
vmMWtagf  Jfi'iiT,  so  that  if  one  wishes  to  use  a  high  voltage  in 
trdcr  to  reduce  the  amount  of  copper  required  for  a  given  ins>talla> 
ion  the  lamps  muiit  be  arranged  in  series-groups.  Ttie  saving 
'Sw  Londin  JUirfritMa.  VcJ.  $5,  p.  141,  M*y  ■>.  1905. 
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of  copper  by  using  a  high  voltage  *  is  evident  when  we  consider 
that  the  deli\'ery  of  a  certain  amount  of  power  can  be  accom- 
plished by  half  as  much  current  when  the  voltage  is  doubled, 
that  the  doubling  of  the  voltage  permits  in  genera)  a  double  vol- 
tage-drop in  the  line  wires,  and  that  this  double  voltage-drop  with 
half  as  much  current  means  that  the  wires  maybe  one  quarter  as 
heavy  as  before. 

The  disadvantage  of  the  series-grouping  of  lamps  is  that  each 
group  must  be  turned  off  and  on  as  a  unit,  unless  a  special  de- 
vice is  used  to  connect  an  equivalent  resistance  in  place  of  a  lamp 
which  is  to  be  turned  ol^ 

The  grouping  of  incandescent  lamps  in  series  on  high- 
voltage  supply  mains  is  exemplified  in  the  lighting  of  streets  by 
incandescent  lamps  from  a  i,.ioo-or  2,200- volt  alternating-current 
supply.  In  this  case  the  lamps  are  arranged  in  series-groups  of 
10  or  20  lamps  each  and  provision  is  made  for  automatically  in- 
serting an  equivalent  resistance  in  place  of  a  lamp  that  happens 
to  break  do\vn. 
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112.  The  Edison    three-wire    system  of   distribution. — F^. 

155  shows  a  number  of  no-volt  lamps  connected,  in  series- 
(:;roups  of  two  lamps  each,  to  220-volt  mains,  and  supplied  with 
current  from  two  iio-volt  generators  connected  in  series;  and 
I'^'g    '  56  shows  an  arrangement  which  is  the  same  as  Fig.  155, 

•See  e<]ua«ion  (43),  Arl.  M7. 
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Kccpt  lliat  a  tliird  main,  CD,  is  added  as  shown.  The  addition  of 
«  tliird  main  makes  it  possible  to  turn  single  lamps  on  and  off. 

nd  if  the  lamp-t  in  use  by  each  consumer  are  judiciously  placed. 

Dine  in  the  .'1-sct  and  some  in  the  B-set,  there  will  always  be 
irly  the  same  number  of  lamps  in  each  set,  even  when  entire 
:dom  13  allowed  in  the  turning  off  and  on  of  single  lamps,  so 

hat  the  middle  main  need  never  carry  much  current.     In  fact 

he  current  in  the  middle  main  will  be  a  small  incoming  current 
when  the  .-I-sct  contains  a  few  more  lamps  than  the  ^-sct,  or  a 
ill  outgoing  current  when  the  A-set  contains  a  few  more  lamps 
n  the  A-scL 
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Fl(.  1S6. 

The  arrangement  shown  in  Fig.  1 56  is  called  the  EiHsoh  ihrte- 
tysUm  if  distributioH.      In  practice  the  middle  main  is  usually 
ide  of  the  same  sixe  wire  as  each  outside  m-iin,  and  each  out- 
main  need  be  only  one  ([uarter  as  heavy  as  would  be  required 
I  supply  the  same  number  of  1,-inips  in  the  simple  parallel  sys- 
an  using  i  to  volts  ;  therefore  to  supply  a  given  number  of  lamps 
I  the  Fdison  three-wire  system  requires  only  three-eighths  as 
luch  copper  as  would  be  required  in  the  simple  system  with  the 
unc  per  cent,  drop  of  voltage. 
When  the  number  of  lamps  in  the  .-f-set  in  Fig.  1 56  is  different 
the  number  of  similar  lamiw  in  the  fl-sct  the  system  v%  said 
be  tinbaianced.     When  the  system  is  unbalanced  the  middle 
carries  current,  and  the  effect  of  the  voltage-drop  in  the 
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middle  main  is  to  tend  to  incrfose  the  voltage  which  acts  on  one 
set  of  lamps  and  to  decrease  the  voltage  which  acts  on  the  other 
set  of  lamps.  These  voltage  relations  are  clearly  represented  for 
a  particular  case  in  Fig.  157.     This  figure  shows  the  state  of 


P^-« 


affairs  when  the  /I-set  of  lamps  takes  icx>  amperes,  and  the  B-stX 
90  amperes,  each  main  having  ^^-ohm  resistance,  and  the  lamps 
being  supposed  to  be  bunched  at  the  ends  of  the  mains  for  the 
sake  or  simplicity.     Electric  current  may  always  be  considered 


..jiwli*-    f-M 


as  flowing  down  hill  so  that  the  electric  level  (or  potential)  is  to 
be  thought  of  as  falling  o"*  main  in  the  direction  ol 

the  currM  in  \ 
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and  the  distances  between  these  inclined  lines  at   the  ends  of 
the  mains  represent  the  voltages  acting  on  the  two  sets  of  lamps. 
Thus  the  voltage  b  acting  on  the  -^-set  is  1 1 5  volts  —  5  volts  —  JX 
volt  =  109.5  volts,  and  the  voltage  d  acting  on  the  -ff-set  is  11 5 
volts  —  4  J^  volts  +  }i  volt  =111  volts. 

113.  Special  three-wire  generators  and  three-wire  balancers.  — 
The  use  of  two  generators  as  indicated  in  Figs.  156  and  157 
involves  an  added  expense  for  machinery  in  the  generating 
station,  and  the  extensive  use  of  the  Edison  three-wire  system 
has  given  rise  to  several  special  types  of  three-wire  generators 
which  can  be  used  singly  for  supplying  a  three-wire  system,  and 
to  several  types  of  an  auxiliary  device,  called  a  three-wire  halaneer, 
which  enables  a  single  220-volt  generator  of  the  ordinary  type  to 
supply  an  Edison  three-wire  system. 

{a)  TIu  split-pole  three-wire  generator.  —  Fig.  158^  shows  a 
two-pole  220-volt  generator  with  each  pole,  NN'  and  55',  sepa- 
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Fig.   158a. 

rated  into  two  parts  by  deep  slots,  pp.     The  main  brushes,  a  and 

b,  collect  current  at  220  volts,  an  auxiliary  brush,  r,  makes  contact 
with  the  commutator  midway  between  a  and  b,  and  the  middle 
main  of  the  three-wire  system  is  connected  to  this  auxiliary  brush, 

c.  The  auxiliary  brush,  r,  cannot  be  used  on  an  ordinary  solid 
pole  generator  because  the  sections  of  the  armature  winding  as 
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they  are  short-circuited  by  the  auxiliary  brush,  c^  would  have 
excessive  short-circuit  currents  produced  in  them  by  the  large 
induced  electromotive  forces  in  the  sections.  The  secti(His  must, 
therefore,  be  out  of  the  inducing  field  in  the  neutral  spaces,  pp^ 
when  they  are  short-circuited  by  the  auxiliary  brush.  WheiAi  the 
generator  shown  in  Fig.  i$Za\s  heavily  loaded  the  armature  cur- 
rent tends  to  crowd  the  magnetic  flux  into  the  portions  N*  and 
S'  of  the  pole  pieces  thus  causing  the  voltage  between  brushes, 
a  and  r,  to  become  greater  and  the  voltage  between  brushes, 
b  and  r,  to  become  less.  This  tendency  must  be  to  some  extent 
counteracted,  and  it  must  be  possible  for  the  station  attendant  to 
control  the  voltages,  atoc  and  c  to  b,  separately,  in  a  practicable 
three-wire  generator.  This  is  accomplished  in  the  three-wire 
generator  of  Dettmar  *  as  follows  :  A  four-pole  field  structure  is 
excited  so  as  to  be  essentially  a  two-pole  field  magnet  acting  on 
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Fig.  1583. 

an  armature  properly  wound  for  a  two-pole  field  as  shown  in  Fig. 
1 58^.  The  magnetic  flux  out  of  aV  (and  into  5),  Fig.  1 58*,  pro- 
duces the  voltage,  b  to  c,  and  this  flux  is  produced  by  the  exdt- 
ing  coils,  AA  and  AA^  the  current  in  which  can  be  controlled  by 

• 

*  EUctroittkHiscJu  Z^*-  -JS  Md  230,  1897. 
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a  field  rheostat  Similarly  the  magnetic  flux  out  of  N'  (and  into 
5')  produces  the  voltage,  a  to  c,  and  this  flux  is  produced  by  the 
exciting  coils,  BB  and  BB,  the  current  in  which  can  be  controlled 
by  a  second  field  rheostat. 

The  tendency  of  the  armature  current  to  increase  the  flux  out 
of  N'  (and  into  5"')  and  to  decrease  the  flux  out  of  N  (and  into 
S)  may  be  to  some  extent  counteracted  by  connecting  the  field 
coils,  AA  and  AA^  between  brushes,  a  and  ^,  and  connecting  the 
field  coils,  BB  and  BB^  between  brushes,  c  and  Ik  The  best 
method,  however,  for  counteracting  this  tendency  is  to  place  a 
field  winding  in  series  with  either  of  the  outside  mains,  i  or  2,  so 
that  it  acts  to  increase  the  flux  out  of  N  (and  into  S)  and  to  de- 
crease the  flux  out  of  N'  (and  into  5'). 

(Jb)  T/ie  double-current  generator,  —  The  sy n chronou s  converter, 
or  rotary  converter  as  it  is  sometimes  called,  is  an  ordinary  direct- 
current  dynamo  with  the  addition  of  two  or  more  collector  rings 
tapped  into  equidistant  points  of  the  armature  winding.  When 
such  a  machine  is  driven  by  mechanical  power  it  can  supply  direct 
current  from  the  brushes  that  rub  on  the  commutator,  or  alternat- 
ing current  from  the  brushes  that  rub  on  the  collector  rings,  or  it 
can  supply  direct  current  and  alternating  current  simultaneously. 
Therefore  such  a  machine  is  called  a  double-current  generator. 
This  machine  is  fully  described  in  the  second  volume  of 
this  text 

An  arrangement,  due  to  Dobrowolsky,  for  using  a  double- 
current  generator  for  supplying  direct  current  to  an  Edison  three- 
wire  system  is  also  described  in  the  second  volume  of  this  text. 

{c)  T/ie  use  of  rheostats  for  balancing  a  threc-unre  systcnu  —  If 
a  three- wire  system  is  kept  exactly  balanced,  an  ordinary  220- 
volt  generator  having  two  brushes  can  be  used  to  supply  the  sys- 
tem. When  such  a  generator  is  used,  approximate  balance  is 
maintained  by  arranging  the  lights  in  and  near  the  station  in 
groups  which  may  be  transferred  by  the  station  attendant  from 
the  .^4-set  to  the  i?-set  or  vice  versa,  at  will,  by  throwing  switches 
on  the  main  switch-board,  and  the  approximate  balance  so  ob- 
18 
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tained  is  made  exact  by  the  use  of  a  pair  of  adjustable  resistances 
connected  from  the  middle  main  to  the  outside  mains. 

(d)  The  motor-generator  balancer.  —  The  two  generators  shown 
in  Fig.  156  may  be  replaced  by  a  single  220-volt  generator  of 
the  ordinary  type  and  the  current  that  comes  into  or  flows  out 
of  the  station  on  the  middle  main  may  be  taken  care  of  by  a 
small  motor-generator,  consisting  of  two  small  shunt-wound 
dynamos ,  P  and  (2,  with  their  armatures  mounted  on  one  shaft 
and  connected  electrically,  as  shown  in  Fig.  159.     Consider  the 
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Fig.  159. 

particular  case  in  which  the  upper  main  carries  an  outward  current 
of  100  amperes,  the  middle  main  a  return  current  of  10  amperes, 
and  the  lower  main  a  return  current  of  90  amperes  as  shown  in 
Fig.  I  59-      Part  of  the  current  which  enters  the  station  on  the 
middle  main  w^ill  then  flow  down  hill,  as  it  were,  through  P  to 
the  negative  terminal  of  the  large  generator,  thus  causing  Pto 
to  act  as  a  motor  and  deliver  mechanical  power  to  Q  which  vsill 
act  as  a  generator  and  pump  the  remainder  of  the  current  in  the 
middle  main  up  hill,  as  it  were,  to  the  positive  terminal  of  the 
large  generator.     When  an  outward  current  flows  in  the  middle 
main,  Q  is  operated  as  a  motor  by  current  that  flows  down  hill 
from  the  positive  terminal  of  the  large  generator,  and  P  operates 
as  a  generator  and  pumps  current  up  hill  from  the  negative  ter- 
minal of  the  large  generator.      In  order  to  keep  the  potential  of 
the  middle  main  at  the  proper  value  so  as  to  divide  the  electro- 
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lotivc  force  of  the  large  generator  into  two  equal  parts,  P  and  Q    I 
lust  ha\'c;  carefuHy  adjusted  compound  field  windings,  or  the    I 
"iReld  rheostat  of  P  or  Q  must  be  repeatedly  adjusted  as  the  cur-    I 
'rent  in  the  middle  main  changes  in  value.  I 

In  the  use  of  a  motor-generator  balancer  it  is  desirable  to  ' 
'keep  the  system  approximately  balanced  as  explained  above  under 
(r)  and  thus  greatly  reduce  the  duty  of  tlie  motor-generator.  By 
careful  grouping  of  the  consumers'  lamps  and  motors,  the  unbal- 
ancing of  a  three-wire  system  may,  in  practice,  be  kept  within 
eight  or  ten  per  cent,  so  that  the  rated  output  capacity  of  each 
of  the  dynamos  of  a  motor- generator  balancer  need  be  only  eight 
or  ten  per  cent  of  that  of  the  main  generator. 

Ill  Factors  which  determine  the  size  of  wires  in  practice.  — 
There  are  five  conditions  which  should  be  considered  in  selecting 
the  size  of  wires  for  distributing  electric  current,  namely:  {a)  1 
The  wire  must  have  sufficient  strength  to  withstand  the  mechan-  | 
ical  stresses  to  which  it  may  be  subjected.  This  condition  applies 
especially  to  wires  strung  on  poles,  (fi)  The  wire  must  be  lai^e 
enough  to  carry  the  prescribed  current  without  becoming  so  hot  , 
as  to  damage  its  insulation  or  to  ignite  adjacent  inflammable  ma- 
terials. This  condition  applies  especially  to  \vircs  in  a  building. 
(f)  The  wire  must  be  large  enough  to  keep  the  variations  of  vol- 
tage at  the  lamps,  or  other  receiving  units,  within  certain  limits. 
This  variation  of  voltage  is  briefly  discussed  on  page  195,  from 
the  point  of  view  of  feeder  control,  and  it  is  more  fully  discussed 
in  Art.  117.  This  condition,  c,  applies  only  to  the  distributing 
wires  of  a  constant-voltage  system,  {ef)  The  size  of  awireshould 
be  chosen  so  as  to  give  an  economic  balance  between  the  cost  of 
ihe  copper  and  the  cost  of  the  power  lost  in  the  wire.  This  con- 
Klhioil  is  discussed  in  Art.  120.  (f)  In  extreme  cases  the  size 
f  a  wire  may  be  determined  by  a  consideration  of  the  electric 
Strengtii  of  the  air  or  other  insulating  substance  surrounding  the 
Wire,  inasmuch  as  the  strength  of  an  insulating  medium  to  with-  J 
]  the  electric  stress  between  two  wires  due  lo  a ^wetv 'jiAxa.f^  i 
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between  them,  depends  in  part  upon  the  size  and  shape  of  the 
wires  as  explained  in  Art,  121. 

Whenever,  in  a  given  case,  any  one  of  these  conditions  de- 
mands a  larger  nire  than  would  be  required  by  any  of  the  other 
conditions,  the  larger  wire  should  be  used.  Frequently  an  engi- 
neer is  guided  by  one  only  of  the  above  conditions  in  laying  ont 
the  prehmtnary  plans  for  a  distributing  system.  When  this  is 
the  case  the  preliminary  plans  should  be  examined  carefully  to 
see  that  all  of  Ihe  conditions  are  satisfied  before  the  plans  are 
finally  adopted. 

115.  Mechanical  stresses  in  aerial  wires  and  their  supports.' 
Stresses  in  the  supports.  —  The  stresses  in  the  insulator  ptns, 
cross-arms,  and  poles  are :  (a)  The  stresses  due  to  the  weight  of 
the  wire  plus  the  weight  of  an  occasional  coating  of  ice ;  this 
weight  is  to  be  considered  as  resting  directly  upon  the  insulators 
and  constituting  a  force  acting  vertically  downwards-f  (^)  The 
stresses  due  to  the  unbalanced  tensions  J  of  the  wire  on  the 
opposite  sides  of  an  insulator.  The  tensions  of  the  wire  on  the 
opposite  sides  of  an  insulator  are  in  nearly  every  case  sensibly 
equal  in  value  and  unbalancing  occurs  only  where  the  wire  termi- 
nates or  changes  its  direction.  In  the  case  of  a  straight  pole-line 
on  a  slope  the  tension  of  the  wire  is  generally  greater  on  the 
down-hill  side  of  the  pole,  but  the  unbalanced  force  is  in  this  case 
a  force  acting  vertically  downwards,  that  is,  a  given  insulator 
supports  a  large  part  of  the  weight  of  the  lower  span  of  wire  and 
a  correspondingly  small  part  of  the  weight  of  the  upper  span  of 
wire,     (c)  Stresses  due  to  wind  pressure. 

( 1)  The  weight  ofwiie  and  ice  produces,  in  the  poles  and  pin*.  sireSMS  of  simple 
compression,  which  stiesws  may  nearly  always  be  neglected,  inasmuch  as  poles  aod 

*  A  discussioD  of  (he  details  of  pole-line  construction  is  beyond  Che  icope  of  this 
leit,  Inrormalion  concerning  these  details  may  be  found  in  "  Eleclrica]  Trammission 
of  Energy,"  A.  V.  Abbott,  1905  edition,  Chapter  IIL 

t  This  force  is  the  sum  of  the  vertical  components  of  Ihe  tension  of  the  wire  on  (be 
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pins  which  are  strong  enough  to  withstand  the  bending  stresses  to  which  they  are  sub- 
jected are  not  perceptibly  aflfected  by  these  slight  stresses  of  compression. 

The  weight  of  wire  and  ice  produces  a  bending  stress  in  the  cross-arms,  and  the 
breadth,  by  and  depth,  //,  of  the  cross-arms  must  be  sufficient  to  sustain  this  bending 
stress,  the  length  of  the  cross-arms  being  determined  by  the  number  of  wires  and 
their  required  distance  apart     The  simplest  case  is  that  shown  in  Fig   160,  which 


/ 


i 

Fig.  160. 

shows  a  cross-arm  carrying  two  wires.     In  this  case  the  dimensions,  b^  d^  and  /,  as 
shown  in  the  figure  must  satisfy  the  equation : 

6/(7 
bd^ 


S  = 


(37) 


in  which  S  is  the  permissible  fiber  stress  of  the  cross-arm  material  in  pounds  per 
square  inch  at  the  points,  TT^  Fig.  160,  and  /Fis  the  total  weight  in  pounds  resting 
on  one  pin.     The  dimensions,  ^,  </,  and  /,  are  expressed  in  inches. 

A  coating  of  ice  one-eighth  of  an  inch  thick  is  seldom  exceeded,  and  it  is  cheaper 
to  repair  the  line  after  an  excessively  severe  slcct  storm  than  it  is  to  make  it  strong 
enough  to  sustain  much  more  than  one- eighth  of  an  inch  of  ice  on  the  wires. 

The  permissible  values  of  S  may  be  taken  from  the  table  of  tensile  strengths  of 
timber. 

(2)  The  stresses  due  to  unbalanced  tensions  are  the  most  important  stresses  to  be 
considered  in  pins  and  poles.  *  Having  given  the  value  of  the  tension  and  the  angle 
turned  at  a  corner,  the  side  force,  /K',  Fig.  160,  is  easily  determined,  and  the  dimen- 
sions, ^  and  d^  (diameter  of  pin  at  base).  Fig.  160,  must  satisfy  the  equation  : 


5/  ^  32  ^/ 
nd'* 


(38) 


1 
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in  which  5^  is  the  maximam  permissible  fiber  stress  in  pounds  per  square  mdi,  W^'  is 
the  resultant  horizontal  force  in  pounds  acting  on  the  insulator,  and  /^  and  ^  uta- 
pressed  in  inches. 

The  cross-arms  on  a  corner  pole  are  usually  set  so  as  to  be  parallel  to  the  resaltsit 
force  due  to  wire  tensions,  and  hence,  except  at  the  end  of  a  line,  this  resultant  font 
does  not  produce  a  bending  stress  in  the  cross-arms. 

The  unbalanced  tensions  of  the  wires  produce  a  bending  stress  in  the  poles;  aod 
the  diameter,  </^,  of  the  pole  at  the  ground  and  the  height,  Z',  of  the  pole,  both  io 
inches,  must  satisfy  equation  (38),  using  for  IV^  the  resultant  horizontal  force  doe  to 
all  of  the  wires.  In  most  cases  a  corner  pole  is  guyed  or  braced  so  that  the  bendrng 
stress  in  the  pole  is  to  a  great  extent  eliminated. 

(3)  Stresses  due  to  wind  pressure  vary  with  the  direction  as  well  as  the  velocity 
of  the  wind.  When  the  wind  blows  parallel  to  the  line  its  effect  is  slight  because  the 
wires  are  parallel  to  the  wind.  It  is  considered  sufficient  in  practice  to  provide  the 
necessary  strength  to  withstand  a  side  wind  giving  a  maximum  pressure  of  from  ao  to 
30  pounds  per  square  foot  of  surface,  according  to  the  degree  of  exposure  of  the  line. 
In  calculating  the  force  of  a  side  wind  on  a  cylinder  like  a  pole  or  wire,  the  eflfectire 
ex)>osed  area  is  taken  as  two  thirds  of  the  product  of  the  diameter  of  the  cyliiuler 
times  its  length. 

The  effect  of  a  side  wind  is  to  produce  bending  stresses  in  the  insulator  pins  aod 
in  the  poles,  and  the  dimensions  of  the  pin  in  inches,  as  shown  in  Fig.  160,  must 
satisfy  e(]uation  (38),  where  ly^  is  the  total  force  of  the  wind  on  the  wire  in 
|H>uiuls,  and  .S''  is  the  maximum  permissible  fiber  stress  in  pounds  per  square  inch. 
Alsi)  tho  height  of/'  of  the  pole  and  its  diameter,  //'',  at  the  ground,  both  in  inches, 
must  satisfy  t^luulion  (38),  in  which  case  IP^^  is  the  force  of  the  wind  on  all  the 
wiri's  plus  aUnit  half  or  two-thirds  of  the  force  of  the  wind  upon  the  pole  and  cross- 
arms. 

In  t'stiinatinj:;  the  stresses  on  pin,  cross-arm  and  jx)le  due  to  weight  of  wire  and  ice, 
or  the  stresses  due  to  wind  pressure  on  the  wires,  a  length  of  wire  equal  to  the  dis- 
tance between  adjacent  |H>les  must  be  assumed  tobe  supported  by  each  insulator. 

Tknsii.e  SrRKN(;TH  of  Timber  in  Pounds  Per  Square  Inch. 

Cedar  (.American) ll,oco 

rhc.^tnut 7,000  to  13,000 

Cypress  6,oco 

Klin  6,000  to  10,000 

V:\\i.   IO,OCO 

Pitcli  pine. 7,600 

Yellow  pine 5,CXX)  to  12, 000 

White  pine S,oco 

Red  wood  (California) ll,oco 

Spruce 5,CX)0  to  10,000 

The  usual  factor  of  safety  being  4  to  6,  the  permissible  fiber  stress  in  pounds  per 
square  inch  is  from  one-sixth  to  one-fourth  of  the  values  given  in  this  table. 
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Stresses  in  the  wire.  —  In  stringing  a  wire  on  poles  two  things 
in  particular  should  be  provided  for.  namely,  (a)  an  approximate 
equality  of  wire  tension  on  the  two  sides  of  each  insulator,  and 
(li)  a  certain  maximum  tension  in  the  wire  when  it  is  shortened 
by  the  coldest  «'inter  weather. 

The  first  condition  is  desirable  not  only  because  it  relieves  the 
pins,  cross-arms,  and  poles  from  unnecessary  stress,  but  also 
because  it  is  difficult  to  tie  a  line  wire  to  an  insulator  so  that  it 
cannot  slip  lengthwise  through  the  tie,  unless  the  line  wire  is  bent 
which  it  should  not  be  if  it  can  be  avoided.  The  horizontal  com- 
ponents of  the  wire  tension  can  always  be  made  equal  on  the 
two  sides  of  an  insulator;  but  in  the  case  of  a  pole  line  on  a 
grade  the  vertical  component  of  the  wire  tension  will  be  somewhat 
greater  on  the  down-hill  side  of  an  insulator  when  the  horizontal 
components  are  equal. 

The  second  condition  is  explained  in  the  following  discussion. 

fulf  line  I'M  a  levtl.  —  The  calculalion  of  ihe  tension  in  n  span  of  wire  in  lerms 
iftf  length  of  spun,  vertiCTil  sag  at  the  center  of  the  span,  and  weight  of  the  wire,  or 
file  calcalation  of  the  sag  corresponding  to  a  ptewribed  tension,  is  based  upon  the 
Ciquntion  to  the  curve  foiined  by  [he  wire.  When  Ihe  sag  is  >  smsll  fraction  of  Ihe 
IcDgIb  of  Ihe  span,  say  one  twentieth  or  less,  the  curve  formed  by  Ihe  wire  is  sensibly 
iB  parabola  aad  the  working  formulic  are  1 


.  =  '+-3,  (*■) 

in  which  T\i  the  lension  of  the  wire  [n  pounds,  /  is  the  length  of  the  span  in  feet,  h 
■he  sag  at  the  center  of  Ihe  span  as  shown  in  Fig.  161,  i  is  Ihe  length  in  feet  oT  Ihe 
»pan,  and  «•  is  Ihe  weight  of  the  wire  in  pounds  per  fool.  Etiuation  (39) 
tension  of  the  wire  at  the  center  of  Ihe  span.  The  tension  at  the  ends  (if 
Is  vik  pounds  greater  than  at  the  center  1  but  this  difference  amounts  to  00I7 
per  cent  when  the  sag  is  one  twentieth  of  ihe  Icnglh  of  the  span,  and  it  is  always 
eligible.  The  important  use  of  equation  (40)  is  in  making  allowance  for  the 
of  change;  of  tempetalure. 
SqualioD  (39)  when  solved  for  /gives  : 


ben 


Dunds.  which  if  equal 
Jifely.      See  ioUowiw^ 
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tables.  From  this  equation  it  is  evident  that  the  poles  may  be  spaced  farther  and 
farther  apart  the  greater  the  value  of  7",  the  greater  the  permissible  sag^  and  th 
less  the  weight  of  the  wire  ;  but  it  is  to  be  noted  that  the  ratio  T^jw  is  independent  of 
the  size  of  the  wire,  inasmuch  a^  T'  and  w  are  both  proportional  to  the  sectional  arta 
of  the  7vire. 

The  spacing  of  the  poles  is  usually  chosen  tentatively  as  the  first  step  in  the  desigo 
of  a  pole  line.  When  a  great  deal  depends  upon  the  permanence  of  a  line,  as  in  a 
transmission  line  supplying  power  to  many  customers,  the  poles  are  placed  dose 
together  in  order  to  make  the  line  substantial  and  in  order  that  the  sag  may  be  small 
enough  to  avoid  the  possibility  of  the  wires  swaying  into  contact.  Close  spacing  is 
especially  necessary  in  the  case  of  heavy  wires  so  as  to  distribute  the  weight  of  the 
heavy  wire  over  a  large  number  of  insulators,  the  insulator  being  one  of  the  weakest 
elements  in  the  construction.  Poles  are  usually  spaced  as  follows  on  straight-pole 
lines  :  (a)  Heavy  power  transmission  lines  about  80  feet,  which  is  the  spacing  00  the 
Niagara- Buffalo  transmission  line;  (b)  Ordinary  electric-lighting  circuits  in  dtjor 
suburban  districts,  from  100  to  125  feet ;  (c)  Telegraph  and  telephone  lines  125  to 
150  feet.  In  every  case  the  poles  should  be  placed  near  together  where  the  pole  line 
follows  a  curve,  thus  making  the  line  turn  a  very  obtuse  comer  at  each  pole,  in  order 
to  avoid  excessive  stresses  in  the  supporting  structure  due  to  unbalanced  tensioos 
of  the  wire.  Furthermore  pole  spacing  is  often  determined  by  surrounding  kxal 
conditions  such  as  the  presence  of  obstacles  or  the  recurrence  of  cross-streets  in  cities. 

The  amount  of  sag  in  a  span  of  line  wire  should  be  small  in  order  to  prevent  the 
swaying  of  the  wire  by  the  wind.  This  swaying  is  objectionable  because  it  tends  lo 
break  the  wire  where  it  is  fastened  to  the  insulators  and  because  it  is  likely  to  bring 
adjacent  wires  into  contact.  Once  the  spacing  of  the  fwles  is  chosen,  the  minimum 
permissible  sag  is  determined  as  explained  in  the  next  paragraph  ;  although  the 
amount  of  sag  that  may  be  allowed  has  a  great  deal  to  do  with  the  choice  of  the  pole 
spacing.  Very  long  spans,*  such  as  spans  across  rivers,  have  a  sag  equal  to  one 
twentieth  or  one  thirtieth  of  the  span.  In  ordinary  ix)le-lines  the  sag  seldom  exceeds 
one  one-hundred-and-fiftieth  of  the  length  of  span,  in  coldest  weather. 

Effects  of  tduperature.  —  Wires  are  usually  strung  on  p)oles  during  warm  weather, 
the  wire  grows  shorter  as  the  temperature  falls,  and  the  tension  of  the  wire  is  there 
fore  j^rcatly  increased  during  cold  winter  weather.  Hence,  it  is  important  to  string  a 
wire  with  sufficient  sag  (and  a  correspondingly  low  tension)  so  that  the  coldest  weather 
may  not  increase  the  tension  of  the  wire  beyond  the  safe  value,  7^.  Knowing  the  tem- 
perature, /,  of  the  wire  when  it  is  strung,  and  the  lowest  winter  temperature,  /',  the 
calculation  of  the  necessary  sag,  hy  and  tension,  Ty  at  temperature,  /,  is  carried  out  as 
follows  :  Take  the  values  of  Z''  (  —  1  h\n)  and  w  from  the  following  tables,  and  from 
these,  together  with  the  chosen  distance,  /,  between  poles,  calculate  the  winter  sag, 
h' ,  using  efjuation   (39),   and  calculate  the  corresponding   length  of  wire,    /,  in  a 

*  *'  l<^ng  spans  for  transmission  lines,"  by  F.  O.  Black  well.  Trans,  American 
Instil  utc  of  Elect  rial  I  Engineers^  June,  1 904. 

"Conductors  for  long  spans,"  by  F.  O.  Black  well.  Trans.  International  EUttrical 
Congress,  Vol.  2,  St.  Louis,  1904. 
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/,  from  each  other,  d  being  the  diflerence  in  level  of  the  tops  of  the  poles,  and  H  the 
sag  of  the  wire  below  the  top  of  pole.  Ay  as  shown.  The  given  span,  AB^  may  be  con- 
sidered as  part  of  a  longer  span,  ACy  of  which  the  length  is  Z,  as  shown  in  the  fig- 
ure ;  and  the  portion,  BD^  of  the  given  span  may  be  looked  upon  as  a  span  also. 
Let  S  be  the  length  of  wire  in  the  long  span,  AC^  and  P  the  length  of  wire  in  the 
short  span,  BD,     Then  the  length  of  wire  in  the  given  span,  AB^  is : 


S    .P 

Z         2 

Furthermore,  applying  equations  (39)  and  (40)  to  the  span,  AC,  we  have 


and 


""  S// 

5  -  Z  a.  ?^^*_ 


Applying  equation  (40)  to  the  span,  BD,  gives  : 

^^         ^  +  3(2/-^) 
The  equation  to  the  parabolic  curve  formed  by  the  wire  is 

and  at  the  top  of  the  pole,  B,  y-.=  // —  </,  and  x  —  I  —  L\2^  so  that : 

_^lf  (  .     Z\« 


H^d 


Z« 


('-0' 


(iii) 


(iv) 
(v) 


(vi) 


(vii) 


Equations  (41)  and  (42)  are  obtained  by  eliminating  Z,  P  and  5  from  (iii)  and 
(iv)  by  means  of  equations  (v),  (vi)  and  (vii). 


Tensile   Strengths,  Weights  and  Coefficients   of   Expan- 
sion OF  Wires. 


Steel 

Iron 

Hard-drawn  copper 
Aluminum , 


Tensile  Strength 

iu  Pounds  per  Circular 

Mil  ^tf. 


0.0785 
0.0417 
0.0300 
0.0204 


Density  in  Pounds 
per  MtUFoot::^/^. 


2.65  X  lO"® 
2.65  X  *o~* 
3.03  X  »o"* 
0.91  X  'o~** 


^-Coeffic•ent  of  Linear 

Expansion  per 

Degree  /'. 


0.0000064 
0.0000064 
0.0000094 
0.0000128 


Usual  factor  of  safety  from  2  or  3  in  warm  climates  to  6  or  7  in  cold  climates. 

Factor  of  safety  for  aluminum  must  be  larger  than  for  other  metals  on  account  of 
low  elastic  limit  of  aluminum. 

Breaking  tension  of  wire  Th-=ad^  in  pounds. 

Weight  of  wire  w^=bd^  in  pounds  per  foot,  where  d  is  the  diameter  of  the  wire 
in  mils. 

Length  at  /»  F.  =  length  at  /'  X  [»  +  H^—  ^)]- 

For  weight  of  galvanized  iron  or  steel  wire  add  about  6  per  cent,  to  weight  of  plain 
wire. 
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116.  Safe  carrying  capacity.  —  An  electric  wire  rises  in  tem- 
perature until  it  gives  off  heat  to  its  surroundings  as  fast  as  heat 
is  generated  in  it  by  the  current.  Therefore  the  rise  of  tempera- 
ture for  a  given  current,  or  the  current  corresponding  to  a  pre- 
scribed rise  of  temperature  depends  upon  the  facility  with  which 
the  wire  gives  off  heat ;  and  this  facility  depends  greatly  upon  the 
degree  of  ventilation  of  the  region  in  which  the  wire  is  placed, 
and  upon  the  nature  of  the  adjacent  materials,  whether  they  be 
wood,  or  plaster,  or  stone,  or  metal.  Wires  covered  by  wooden 
mouldings  or  enclosed  in  the  narrow  air  space  inside  of  the  walls 
of  a  building  are  located  most  unfavorably  with  regard  to  rise 
of  temperature  because  they  cannot  give  off  heat  readily,  and  be- 
cause any  great  rise  of  temperature  involves  a  serious  risk  of  fire. 


Table  of  Carrying  Capacity  of  Wires. 

(From  National  Electrical  Code.) 

For  insulated  aluminum  wire  the  safe  carrying  capacity  is  eighty-four  per  cent  of 
that  given  in  the  following  tables  for  copper  wire  with  the  same  kind  of  insulation. 


Brown  and  Sharpe 
Gauge. 

l8 

i6 

14 
12 

10 

8 

6 

5 
4 

3 

2 

I 

o 

00 

oco 

0000 


Sectional  Area  in 
Circular  Mils. 

1,624 

2,583 
4,107 

6,530 
10,380 

16,510 

26,250 

33^^^ 
41,740 

52,630 

66,370 

83,690 

105,500 

133.100 
167,800 

21 1,600 

400,000 

600,000 

1,000,000 

1,500,000 

2,000,000 


Rubber  Insulation. 

Other  Insulatioo, 

Amperes. 

Amperes. 

3 

5 

6 

8 

12 

16 

17 

23 

24 

32 

33 

46 

46 

65 

54 

77 

65 

92 

76 

no 

90 

131 

107 

156 

127 

185 

150 

220 

177 

262 

210 

312 

330 

500 

450 

680 

650 

I, oco 

850 

1,360 

1,050 

1 

1,670 

The  lower  limit  is  specified  for  rubber  covered  wires  to  prevent  gradual  deteriora- 
tion of  the  rubber  by  the  heat  of  the  wires,  but  not  from  fear  of  igniting  the  insulation. 
The  question  of  voltage-drop  is  not  taken  into  consideration  in  the  above  tables. 
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117.  Voltage  regulation  as  a  factor  determining  the  size  of 
wires.  —  The  so-called  constant-voltage  system  of  current  dis- 
tribution is  the  system  that  is  generally  used  in  electric-light  and 
power  installations,  and  the  sizes  of  feeders,  mains,  and  service 
wires  used  in  such  a  system  are  generally  determined  on  the 
ibasis  of  a  prescribed  voltage-drop.  This  is  especially  the  case 
when  current  is  supplied  to  incandescent  lamps,  the  satisfactory 
operation  of  which  depends  upon  approximate  constancy  of 
■  Voltage.  The  voltage-drop  in  the  feeders  which  lead  out  from  a 
iCentral  station  to  a  center  of  distribution  is  usually  compensated 
Sfor  by  what  is  called  feeder  control  at  the  station  as  explained  on 
.page  195.  On  the  other  hand,  the  voltage-drop  in  the  mains 
which  lead  out  from  a  center  of  distribution  and  the  voltage-drop 
in  the  service  wires  which  lead  from  the  street  mains  to  the  lamps 
are  not  compensated  for,  and,  as  they  affect  the  value  of  the  voltage 
t  the  lamps,  these  voltage-drops  must  be  small.  The  total  drop 
tetween  a  center  of  distribution  and  the  lamps  is  generally 
'limited  to  a  certain  percentage  of  the  voltage  at  the  lamps.  A 
.total  drop  of  about  5  per  cent,  2  per  cent,  in  the  mains  and  3 
per  cent,  in  the  service  wires,  is  frequently  allowed  ;  although  a 
(greater  or  less  drop  may  be  advisable  if  the  distance  between  the 
■center  of  distribution  and  the  lamps  is  very  great  or  very  small 
respectively. 

Dependence  of  total  weight  of  wire  upon  the  voltage  at  the  lamps 
^nd  upon  the  distance  of  the  lamps  from  the  center  of  distributton. 
-  If  a  given  amount  of  power,  P,  is  to  be  supplied  to  lamps  at 
Voltage,  E,  with  a  given  percentage  drop,  p,  by  a  separate  pair  of 
wires  leading  from  the  center  of  distribution  to  the  lamps,  then 
tbe  weight  of  the  copper  required  is  proportional  to  I'jE',  where 
i  is  the  distance  between  the  center  of  distribution  and  tlic  lamps. 
jThis  is  evident  when  we  consider  that  the  current  is  Pj  E,  that 
he  drop  pEjioo  is  equal  to  ^  x  PjE.  that  R  =  10.8  x  2//rf'. 
=  0.00000303  X  2ld^,  so  that 


(43) 
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where  R  is  the  resistance  of  the  two  wires  in  ohms.  Wis  the  J' 
weight  in  pounds  of  the  two  copper  wires  required  to  deliver? 
watts  of  power  to  a  receiving  unit  at  £  volts,  p  is  the  percentage 
drop  in  the  wires  (actual  drop  =  /iE/ioo),  and  /  is  the  distance  ii 
feet  from  the  center  of  distribution  to  the  lamps.  The  constant 
in  equation  (43)  applies  only  to  copper  wires. 

Inasmuch  as  the  weight  of  the  copper  is  inversely  propor- 
tional to  £^,  according  to  equation  (43),  it  is  evident  that  a  vay 
great  saving  in  copper  may  be  effected  by  using  a  high  vdtige 
at  the  lamps.  The  permissible  voltage  at  the  lamps  is  linnto^ 
however,  (a)  by  the  fact  that  incandescent  lamps  cannot  be  made 
to  operate  satisfactorily  at  voltages  higher  than  about  220  volts^ 
and  (6)  by  the  danger  that  is  involved  in  the  use  of  high  voltages. 

The  saving  in  copper  by  the  use  of  high  voltage,  combined 
with  the  practical  necessity  of  low-voltage  delivery,  has  led  to  the 
use  of  the  Edison  three-wire  system  as  explained  in  Art  112. 
In  the  alternating-current  system  of  distribution  power  can  be 
transmitted  at  any  desired  high  voltage  and  cheaply  and  efficiently 
transformed  near  the  place  of  consumption  to  any  desired  low 
voltage.  Therefore  the  alternating-current  system  permits  of 
very  great  economy  of  copper  in  the  transmission  lines  and  does 
not  involve  any  of  the  difficulties  or  dangers  incident  to  the  utili- 
zation of  high  voltages  at  lamps  and  motors. 

When  the  voltage-drop  in  a  transmission  line  is  not  limited 
by  the  necessity  of  maintaining  an  approximately  constant  voltage 
at  the  lamps,  or  other  receiving  units,  the  size  of  wire  should  be 
determined  on  the  basis  of  economic  considerations  as  explained 
in  Art.  120  ;  and  it  is  to  be  particularly  noted  that  the  weight  of 
copper,  demanded  by  economic  considerations,  for  the  deliver}* 
of  a  given  amount  of  power  is  not  proportional  to  P/E^  but  to 
/i/i. 

118.  Wiring  calculations  in  constant-voltage  systems  for  a  motor 
or  for  a  concentrated  group  of  lamps.  —  Two  important  cases  arise 
in  the  laying  out  of  wiring  plans  in  a  constant- voltage  system. 
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namely,  (a)  the  case  in  which  current  is  delivered  at  oni;  point 
to  a  motor  or  to  a  group  of  lamps,  constituting  what  is  called  a 
concenlraUti /oaii ;  und  {d)  the  case   in  which  current  is  delivered   ' 
to  a  scattered  group  of  lamps  or  motors,  constituting  what  is 
called  a  distriliKlcd load. 

The  problem  of  determining  the  size  of  wire  required  to  deliver 
a  specified  amount  of  power.  P,  to  a  concentrated  load  at  a  speci- 
fied voltage,  £(at  the  lamps),  with  a  specified  percentage  drop, 
pEl  100,  in  the  wires,  ts  solved  as  follows  :  (l)  The  current,  /,  is 
equal  to  PjE.  Sometimes  the  current  is  given  directly,  as  when 
specified  number  of  lamps  is  to  be  supplied  with  a  specified  cur- 
rent per  lamp.  (2)  Given  the  percentage  drop,  /,  the  actual  drop 
in  volts  is  known.  (3)  This  actual  drop  is  equal  to  Rf,  so  that 
the  resistance.  ^,  of  the  two  line-wires  is  thus  determined.  (4) 
Knowing  the  value  of  R  and  the  length,  2/,  of  the  wire  in  feet,  the 
diameter,  d,  of  the  wire  in  mils  may  be  calculated  from  the  equa- 
tion ye 3=  10.8  y.2lld-. 

The  result  of  these  separate  steps  may  be  most  conveniently 
represented  in  the  formula 

2,160// 


=  circular  mils 


(44)"* 


in  which  d  is  the  diameter  in  mils  of  copper  wires  required  to 
deliver  /  amperes  to  a  concentrated  load  distant  /  feet  from  the 
center  of  distribution,  /  is  the  drop  of  voltage  expressed  in  per 
thus  /  =  6  for  6  per  cent.,  and  E  is  the  voltage  at  the 
lamps. 

It  is  preferable  to  avoid  the  specification  of  voltage-drop  as  a 
percentage ;  and  in  fact  the  drop  is   usually  specified  in  volts. 

•  In  lajing  oul  the  wiring  for  a  ctanplele  electric-Iighling  system  il  is  n  gie«l  si 
log  of  lime  to  make  use  of  what  ore  callnl  wiring  chmts,  which  give  at  B  elance  I 

of  equntion  (44)0  or  {44)*  for  any  particular  cuse.     The  contlruclien «nd  | 
~    AkrK  ire  fully  explained  in  a  small  book,  entitled  7 
BeriDg  (The  McGrnw  Publishing  Couipuny. ) 
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In  this  case  the  sectional  area  of  the  wire  in  circular  mils  is  given 
by  the  formula : 

//*  =  circular  mils  =  — '- —  (44)^ 


in  which  c  is  the  drop  expressed  in  volts,  and  d,  I  and  /  have  the 
same  meanings  as  in  equation  (44)^2:. 

In  a  great  many  cases  the  size  of  wires  to  be  used  to  deliver 
current  to  a  uniformly  distributed  load  with  a  specified  drop  of 
voltage  is  determined  by  equations  (44),  by  assuming  a  concen- 
trated load  equal  to  the  given  distributed  load  and  located  near 
the  center  of  the  given  distributed  load. 

119.  Wiring  calculations  for  constant-voltage  systems  with  dis- 
tributed loads.  —  When  a  number  of  widely  distributed  lamps  is 
supplied  with  current  by  one  pair  of  service  wires,  or  when  a 
number  of  widely  distributed  customers  is  supplied  by  one  pair 
of  street  mains,  we  have  what  is  called  a  distributed  load  The 
problem  of  determining  the  size  of  street  mains  to  supply  a  num- 
ber of  scattered  customers  is  the  same  as  the  problem  of  deter- 
mining the  size  of  service  wires  to  supply  a  number  of  scattered 
lamps.  In  the  first  case  the  voltage-drop  between  the  center  of 
distribution  and  the  various  service  points  is  the  important  con- 
sideration, and  in  the  second  case  the  voltage-drop  between  a  ser- 
vice point  and  the  individual  lamps  is  the  important  consideration: 
a  service  point  is  understood  to  be  the  point  of  attachment  of  a  pair 
of  service  wires  to  the  street  mains. 

In  a  distributed  load  two  kinds  of  variation  of  voltage  occur, 
namely,  (ii)  the  variation  of  voltage  from  lamp  to  lamp  when  the 
number  of  lamps  in  operation  is  fixed,  and  {b)  the  variation  of 
voltage  at  any  given  lamp  as  the  number  of  lamps  in  operation 
is  increased  or  decreased. 

Concerning  the  first  type  of  variation  it  may  be  stated  in  gen- 
eral that  the  lamp  voltage  is  less  and  less  the  more  remote  the 
lamp  is  from  the  service  point,  the  most  remote  lamp  ha\ing 
always  the  low'est  voltage. 
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Concerning  the  second  type  of  variation  it  may  be  stated  in 
general  that  the  voltaRe  at  every  lamp  falls  off  to  some  extent 
when  additional  lamps  are  turned  on,  and  rises  when  lamps  already 
in  operation  art;  turned  off.  The  range  of  variation  in  voltage  at 
a  given  lamp  is  from  a  lowest  value,  when  all  the  lamps  are  in 
operation,  to  a  value  very  nearly  equal  to  the  voltage  at  the  ser- 
vice point,  when  the  given  lamp,  only,  is  in  operation.  Therefore, 
the  lamp  that  is  most  remote  from  tlie  service  point  is  subject  to 
the  greatest  range  of  variation  of  voltage  as  other  lamps  are 
turned  on  and  off! 

There  are  two  clearly  defined  cases  that  arise  in  the  laying  out 
of  wires  for  distributed  loads,  namely.  Case  /.,  in  which  the  lamps 
supplied  by  a  given  pair  of  service  wires  are  turned  on  and  off  sepa- 
rately, and  Case  II.,  in  which  all  of  the  lamps  supplied  by  a  given 
pair  of  service  wires  are  turned  on  and  off  together.  In  the  first 
case  the  wiring  must  be  laid  out  so  as  to  keep  the  voltage  varia- 
tions of  both  types  {a)  and  {b)  within  certain  limits ;  and  in  the 
second  case  the  wiring  may  be  laid  out  with  reference  to  the  lim- 
itation of  voltage  variations  of  the  first  type  only,  that  is  varia- 
tions of  voltage  from  lamp  to  lamp,  inasmuch  as  voltage  variations 
of  the  second  type  {b)  do  not  exist  in  Case  II. 


y    i>     o    ■■    6d~kL 


B  I.  —  An  example  of  a  distributed  load  is  shown  i 
ftOj.  When  alt  of  the  lamps  are  in  operation  the  end  lamp,  L,  has 
!  lowest  voltage  of  any  lamp  in  the  group,  and  the  voltage  at 
%  lamp  vaiTcs  through  the  greatest  range  when  other  lamv^a-cc 
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turned  off  and  on.  Therefore,  if  the  voltage  at  the  end  hmp  is 
to  be  kept  within,  say,  3  per  cent,  of  its  normal  value,  J?,  wMdi 
is  the  value  when  all  the  lamps  are  in  operation,  then  the  volt^ 
drop  in  the  wires  must  not  exceed  3  per  cent,  of  £  when  all  the 
lamps  are  in  operation. 

To  secure  a  specified  drop  out  to  the  end  lamp,  L,  when  all 
the  lamps  are  in  operation,  with  the  minimum  weight  of  copper 
in  the  wires,  the  sectional  area  of  each  portion,  a,  b^  c  and  d, 
Fig.  163,  of  the  wires  must  be  *  proportional  to  the  square  root 
of  the  current  in  that  portion.f  Thus,  if  each  lamp  in  Fig.  163 
takes  the  same  amount  of  current,  then  the  current  values  in 
the  portions  a,  b,  c  and  rf,  are  as  4  :  3  :  2  :  i,  and  the  sec- 
tional areas  of  the  respective  portions  of  the  wires  should  be  as 
1/4  :  V  3  :  V2  :  \/i  in  order  to  give  a  mim'mum  voltage-drop  at 
the  end  lamp,  Z,  with  a  given  amount  of  copper,  or  to  give  a  min- 
imum amount  of  copper  for  a  specified  voltage-drop  at  the  end 
lamp,  L. 

In  laying  out  street  mains  to  supply  a  group  of  scattered  cus- 
tomers it  is  generally  advisable,  on  account  of  the  large  amount 
of  copper  involved,  to  taper  the  mains  in  steps  in  going  farther 
and  farther  from  the  center  of  distribution  ;  but,  as  a  rule,  the 
successive  steps  should  be  made  longer  than  the  distance  between 
adjacent  customers,  in  order  to  avoid  an  excessive  number  of 
joints  in  the  mains. 

In  laying  out  service  wires  to  supply  current  to  a  scattered 
group  of  lamps,  it  is  generally  not  advisable  to  taper  the  wires  in 
steps,  because  the  amount  of  copper  involved  may  not  be  large; 
whereas  the  expense  of  making  many  joints,  together  with  the 

*  It  should  he  kept  in  mind  that  the  fundamental  condition  here  is  a  minimum 
amount  of  copper  for  a  given  voltage-drop.  A  minimum  amount  of  copper  for  given 
watts  lost  in  the  line  requires  the  sectional  area  of  the  wires  to  be  proportional  to  the 
current  at  each  jX)int  ;  that  is,  the  number  of  circular  mils  per  ampere  must  be  the 
same  throughout  the  system  to  give  a  minimum  amount  of  copper  for  a  given  loss  of 
power  in  watt-^. 

t  The  general  proof  of  this  proposition  involves  the  highly  elaborate  methods  of 
the  calculus  of  variations  and  therefore  the  proof  of  the  proposition  is  not  given  here. 
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of  inserting  fusible  cut-outs  at  each  point  where  wires  of 
\ua\  size  arc  joined,  as  required  by  the  insurance  rules  may 
considerable. 

/{u/e  I,  —  When  it  is  desired  to  reduce  the  size  of  a  pair  of 
ns  (or  service  wires)  in  steps  so  as  to  secure  the  greatest 
lomy  of  copper,  the  size  of  each  portion  of  the  mains  is  deter- 
as  follows.  Having  given  the  total  drop  to  be  allowed  out 
the  end  of  the  line,  calculate  the  factor  s  from  the  equation  : 


2  X  10.8  X  (rtVf,  4  b\  /,-(-  ri'/jH ) 

total  drop  in  volts 


(45) 


whkh  a.b.c---  arc  the  lengths  in  feet  of  the  respective  por- 
iRs  of  the  pair  of  mains,  and  (\,  t,,  i j  ■  •  -  are  the  currents  in 
ipcres  in  the  respective  portions.  The  sectional  areas  of  tlie 
lus  portions  of  the  mains  in  circular  mils  are  then  equal  to 
''1,,  iV»,,  s\  i^  ■■■  respectively. 

RuJe  J.  —  When  service  M-ires  of  uniform  size  are  to  be  used 
r  supplying  current  to  a  scattered  group  of  lamps,  the  size  of 
e  wire  to  give  a  prescribed  drop  out  to  the  end  lamp  may  be 
incd  as  follows :  Estimate  the  distance,  /.,  of  the  "  center 
gravity  "  of  the  group  of  lamps  by  the  formula : 

(-/'"  +  ■•■ 


£  -  - 

fhcrc  /'.  /",  /'".  etc.  are  the  distances  in  feet  of  the  individual 
unps  •  from  the  service  jioint  and  n  is  the  total  number  of  lamps 
11  the  group.  Then  calcuLile  the  siie  of  tlie  wire  that  would  be 
equired  tu  supply  the  />  lamps  ns  a  concentrated  group  at  the 
irescribcd  total  drop  and  at  the  distance  L  from  the  service  point. 

Caw  n.  —  When  the  lamps  of  a  group  are  always  turned  en 
ub/  nff  together  the  variation  of  voltage  from  lamp  to  lamp  can 

*  ir  ifac  lanif*  ■■'  ■rnnunl  in  kuhgrnu]!)  j<  ii  tstlcr  to  ukt  /'  u  ihr  jModuci  of 
to  dtilUK*  ti  ibe  tiFil  uilignwp  lime*  ihc  numtjcr  of  limpt  in  Ihal  poup^  /"  ■•  the 

•od«ct  of  Ik*  dutinn  ol  ihc  ttcood  tubgraup  limn  the  nunil>cT  d(  Umpi  id  thai 


I 


292 


ELEXEXT5  OF  ELECTRICAL  ESGKEERING. 


ot  course  be  kept  vitiim  boonds  by  liiiiirBi^  At  ¥oitage-dix^  be- 
tween the  service  pomt  and  the  end  lamp  of  the  groopL     In  ba 

a  group  of  lamps  winch  is  to  be  operated  as  a  anit  is  gcocfally 
wired  according  to  the  same  rules  2S  a  groap  that  is  not  to  be 
operated  as  a  unit,  that  is  the  wiring  is  geoerally  laid  out  accord- 
ing to  rules  I  and  2  of  Case  L;  bat  a  ^Kcial  wiring  scheme, 
called  the  returm  loop  scheme,^  may  be  used  to  eliminate  \xdtage 
^-ariations  of  the  first  t^-pe  {a)  in  a  gr(xq>  of  lamps  that  is  operated 
as  a  unit,  ^diatever  the  total  voltage-drop  may  bcL 

The  fundamental  idea  of  the  return  loop  scheme  may  be  seen 
with  the  help  of  Fig.  164^1.     The  current  in  the  wire,  ab^  at  any 

point,  /,  is  proportional 
to  the  distance,  pb^  die 
lamps  being  assumed  to 
be  unifbrmly  distributed; 
and  the  current  at  any 
point,  f  ^  m  the  i**ire,  cd, 
\s  proportional  to  the  dis- 
tance, p'd.      If  the  \nres, 
ab  and   cd,  are   tapered 
so  as  to  have  sectional 
areas  proportional  to  the 
current  at  each  point,  then    the    value  of  Ri  is  the    same  in 
both  wires  between  any  pair  of  lamps  ;  but  Ri  is  a  drop  of  vol- 
taf^e  in  a  given  direction  along  one  wire  and  a  rise  of  voltage  in 
the  same  direction  along  the  other  wire,  therefore  the  lamp  vol- 
t'l^^c  is  constant  throughout  the  group  of  lamps,  whatever  the 
total  voltage-drop  between  the  ser\'ice  point  and  the  lamps  maybe. 
The  use  of  tapered  wires  is  of  course  impracticable  and  the 
return  loop  scheme  is  always  carried  out  either  with  wires  tapered 
in  stcj^s  or  with  wires  of  uniform  size,  usually  the  latter.      Under 
such   conditions  the  voltage  varies  to  some  extent  from  lamp  to 
L'unj)  but  the  range  of  this  variation  is  very  much  less  than  the 
total  drf>p. 

*  Sf>me times  called  the  anfi-parailel  schtmt. 


Fig.  164*. 
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The  return  loop  scheme  of  wiring  evidently  requires  three 
wires  of  a  given  length  instead  of  two,  and  therefore  it  requires 
much  more  copper  than  the  simple  parallel  wiring  scheme  for  the 
same  total  voltage-drop.      The  advantage  of   the  return   loop 

scheme  however  is  that  a  

very  large  total  drop  is  per- 
missible, so  that  the  size  of 
the  wires  may  always  be  de- 
termined from  economic 
considerations. 

The  return  loop  scheme 
is  u.sually  employed  in  the 
wiring  of  churches,  lecture 
halls  and  theaters,  where 
the  lamps  are  either  ail  in 
use  or  all  out  of  use,  or  where  the  lamps  in  certain  groups 
are  either  all  in  use  or  all  out  of  use. 

In  many  cases  the  lamps  in  a  group  are  arranged  in  a  circular 
or  reentrant  row.  In  such  a  case  the  return  loop  scheme  is 
carried  out  as  shown  in  Fig.  165,  or  as  shown  in  Fig.  166. 


Return  loop  scheme  luitlt  wifcs  of  uniform  st'-f.  —  When  the 
■(vircs  u'JrtI  in  the  return  loop  scheme  are  of  uniform  size  (not 
L'il)lhL'  middle  lamp,/,  Fig.   1641*,  has  the  lowest  volume  oC 


1 


294 


ELEMENTS   OF   ELECTRICAL   ENGINEERING. 


any  lamp  in  the  group,  and  the  size  of  the  wires,  efab  and  gcd,  is 
usually  determined  with  reference  to  the  voltage-drop  between  the 
service  point,  eg^  and  the  middle  lamp,  /.  Let  /  be  the  total  cur- 
rent delivered  to  the  group  of  lamps,  and  let  the  lamps  be  assumed 
to  be  uniformly  distributed  as  shown  in  Fig.  164^ ;  then  the  cur- 
rent in  the  element,  Ajt,  is  I{X  -^  x)\X^  and  the  voltage-drop  in  the 
element,  A;r,  is  p-^x  times  I{X  ^  •^)/-^»  where  p  is  the  resistance 
per  unit  length  of  the  wire,  cd.  Therefore  the  voltage-drop  along 
cd  from  c  to  the  middle  lamp  is : 


X 


I      {X  -  x)dx  =  \pxr 

z=0 


Also  the  voltage-drop  along  ad  from  a  to  the  middle  lamp  is 
)i  pXIy  so  that  the  total  drop  between  the  service  point,  eg,  and 
the  middle  lamp,  /,  is  /(r'  4-  r"),  where  r*  is  ihe  resistance  of  gc 
plus  the  resistance  of  efa,  and  r"  is  equal  to  }{pX,  where  pX  is 
the  resistance  of  one  of  the  wires,  ad  or  cd. 


Fig.   164^. 


Rii/c  J.  — To  give  a  prescribed  voltage-drop  between  the  ser- 
vice point  and  the  middle  lamp  of  a  row,  which  is  connected 
according  to  the  return  loop  scheme,  make  the  wire  of  such  size 
that  the  total  current  delivered  to  the  group  of  lamps  would  give 
the  prescribed  drop  over  a  length  /'  -f-  /"  of  the  wire,  where  /'  is 
the  sum  of  the  distances,  ^^  and  cfa,  in  Fig.  164^,  and  /"  is  ^^^  of 
the  distance  ab. 
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[odificatitms  of  Cases  L  and  II.  —  Every  practical  case  of  wiring 
be  constant -voltage  system  of  distribution  can  be  treated  as  a 
bi  modification  of  Cases  I.  and  II.  above  described.     Thus  Fig. 

Ct3  two  groups  of  lamps  each  exactly  like  the  single 
'f 

Rs-  167. 

iup  in  Fig.  163  ;  and  Fig.  168  shows  a  combination  of  Figs, 
t  and  1G4,  thai  is,  the  portion,  /><»,  of  the  group  of  lamps 
F^.  l6S  is  arranged  in  conformity  with  Fig.  163  and  the 
tion,  fi^,  is  arranged  in  accordance  with  the  return  loop 
rmc. 


120.  The  economic  balance  between  loss  of  power  and  the  cost 
copper  in  the  distribution  of  electric  current.  —  The  original 

of  erection  of  a  distributing  line  consists  of  two  nearly  inde- 
Kknt  parts,  namely  (1)  the  cost  of  the  copi>cr  and  {/>)  the  cost 
faits,  cross-arms,  pins  and  insulators  and  the  cost  of  erection. 

;  t«  to  say,  even  if  one  were  to  double  the  size  of  wires  to  be 
the  cost  of  item  (fi)  would  not  be  increased  to  any  considcr- 

extenL     The  disadvantage  of  using  large  wires  lic«,  there- 


296         ELEMENTS  OF  ELECTRICAL  EXGINEERIXG. 

fore,  almost  wholly  in  the  annual  charge,  including  interest  on 
the  cost  of  the  wire,  ckpredation  of  the  wire,  and  taxes  thereon. 
The  ad\-antage  *  of  using  large  wires,  on  the  other  hand,  lies  in 
the  decreased  loss  of  power  in  die  wires.  Thereftwe,  the  most 
economical  size  of  wire  is  that  for  whicdi  the  additional  annual 
charge  on  a  larger  wire  would  exceed  the  annual  \'alue  of  the 
power  sa\*ed  by  the  use  of  the  larger  wire,  or,  in  other  words,  the 
most  economical  size  of  wire  is  that  for  which  the  sum  of  the 
annual  charge  on  the  total  copper  plus  the  annual  \'alue  of  the 
power  lost  in  the  wires  is  a  minimum.  The  annual  charge  may 
be  estimated  at :  interest  5  per  cent.,  depreciation  3  per  cent. 
and  taxes  1.5  per  cenL 

The  economic  balance  between  loss  of  power  and  cost  of  cop- 
per alwa\^  leads  to  a  dennite  number  of  circular  mils  of  sectional 
area  of  wire  per  ampere  of  current,  without  regard  to  the  \x>lta§c 
or  to  the  distance  of  transmission. 

Electric  power  is  to  be  supf^ied  for  A  hours  each  \-ear  to  a 
c::s:  ^nier.      The  cost  of  i>:*'.ver  ar  the  s"Aitch":>>ari  is  f  collars  oer 


KI.vT'.V 


4..  .>K..'V..«       X. 


h:ur.  the  cost  of  cor^:>er  is  w*  collar?  iDer  ;>,^unc.  and  the 
ar^e  or.  in\  estec  capctal  inclucir.g  a  small  percenUi^e 
to  CO'.  ;:r  :he  ce:>reciatior.  o:  coc^per  '*\ires  ^r.d  taxes  is  :  oercent 
ix:r  ir.nuni.  It  is  recuirec  to  nni  the  sectfor-al  area  of  ihie  cod- 
:ver  a -ire  :r.  circular  rrils  i^r  ampere  of  currerrt  ?n  the  o:  nation 


L.  .V.W        *-..» 


«  w^  ■* 


n  ohnis,  *J'  its  weight  in 
miix^rcs-      Then  .\  =  :d.S  x  z.'  /so 


■>  •  ^^ 


:.rcc   -• 
.     .    .N. —  **.^..- >-^rs,  v..  »%-*«-*..  .-je  \jL-— e  aw , 


-•f  ^T-    -   :l  :•:  ".Lx:  ^i  Lrt  -■:<•  *r-f  r:c.2a:>cr-Si:  t2>e  2»ct  rmr  :^  *J>*  coo- 
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lollars  per  kilowalt-lioiir  is    "-'—•-■  I'-pk  dollars  per  year.     On 

:  other  h«nc)  11'=  0.00000303  x  2h  pounds,  of  which  the  cost 
0.00000606/jir  dollars,  tin;  interest  on  this  cost  is  0.OOOOOO0606 
t  dollars  per  year,  and  the  quantity  to  bo  made  a  minimum  by 

toosing  J  is  *-_L:  -/'/A  +  o.ooooooo6o6Air/.       Differentiating 

s  expression  with  respect  to  i  and  placing  the  drfTorcniial  co- 
icictit  equal  to  zero  gives  : 

^i-S  I     ,,  ,  ,   ,, 

—  -  -,  ■  /  Wf  4-  o.oooooconoo/i7  =  o 

I.OOOi'         ' 

im  which  /  cancels  out,  and  we  find  : 

,  =  circular  mils  jjer  ampere  =    —     '  * 


\7, 


■S9,-/  vl'-7 


fU 


\tl 


(46) 


The  meanings  of  the  symbols,  s,  /,  h.  p.  c  and  /,  are  specified 
When  the  delivered  current,  /.  is  not  constant,  the  average 
llue  of  the  current  must  not  be  used,  but  the  sq  uare-root-of-thc- 
ycragc-valuc-of-the-sfiuare  should  be  used  in  equation  (46}, 

Example  1.  —  The  cost  of  power  at  the  swilcb-board  of  an 
Jectric-powcr  station  is  1.6  cents  per  kilowatt-hour  (/  =  0.O16), 
Ik  tnlercst  on  invested  capital  is  5  per  cent.,  and  the  annual 
leprcciation  and  taxes  is  three  per  cent  (r<=  8),  the  cost  of  cop- 
er wife  b  16  cents  per  pound  {c  =  o.  16),  and  a  current  of  200 
mpercs  is  delivered  to  a  customer  for  1,000  hours  each  year, 
xnuklcrations  of  economy  would  lead,  under  these  conditions, 
D  the  UHC  of  transmission  wires  650  mils  in  diameter,  whatever 
be  distance  of  the  customer  from  the  sution  may  be. 

If  the  distance  from  the  station  to  the  consumer  is  538  feet, 
1  the  total  length  of  w-ire  is  1,076  feet,  its  resistance  is  0.0175 
s.  and  the  voltage-drop  with  30O  amperes  is  5.;  volts.     That 


.L-_.t..     »     . 


T.  r    :*— -r.   "Ti'T^    iT 


'*  ■ .- 


"  t:    :]     ■  'ZiZi 
111    r:.  D  c:-: 


I*  :•'■ 


V      _  1 


• 


I    I 


i4.  ' 


,,  ...   :    ...•■w-  :';:..:  ::;c  a:n....::it  of  c-ppcr  required  by  economic 


ELECTRIC    DISTRIBUTION   AND   WIRING. 


299 


sidcrations  is  proportional  to  the  distance, /.and  inversely  pro- 

tional  to  the  voltage  of  delivery. 

UmitatiaHs  0/  Kelvin's  Inw. — The  economic  balance  between 

toss  of  power  in  transmission  wires  and  the  cost  of  copper 
i  first  pointed  out  by  Lord  Kelvin,  and  the  condition  expressed 
«t)uation  (46)  is  sometimes  called  Kelvin's  law  of  economy." 

the  derivation  of  equation  (46)  it  was  assumed,  first,  tliat 
:  cost  of  poles,  cross-arms  and  pins,  and  the  cost  of  erection 
the  pole  line  are  the  same  whatever  the  size  of  the  wire  may 

and  second,  that  the  cost  of  the  wire  is  so  much  per  pound. 

:  finrt  assumption  is  approximately  true  only  for  wires  of 
weight.  For  very  heavy  wires  the  supporting  .stnic- 
e  must  be  very  strong  and  therefore  expensive.  The  second 
umption  is  approximately  true  only  for  bare  wires.  For  in- 
Ued  wires  the  cost  per  pound  varies  considerably  with  tlie  size 

rhe  sum  of  the  three  items :  {a)  Annual  value  of  energy  lost 
a  line,  reckoned  on  the  basis  of  its  cost  per  kilowatt-hour  at 
switchboard ;  (h)  Annual  interest  on  ihc  entire  cost  of  tlic 
e,  and  taxes;  (c)  Annual  cost  of  line  depreciation  and  rejiairs, 
ikcs  the  dirterence  between  the  cost  of  the  energy  at  the  switch- 
ird  and  its  cost  dcUvercd  to  a  customer. 
18L  El«ctric  strength  Of  line  insulation  as  a  factor  in  the  deter- 
BStiOD  of  the  siie  of  wires.  —  The  two  diagrams,  A  and  li, 

169,    represent    in    section 

lead -encased    cables    with 

same    radial    thickness   of 

ruhtlng     substance      bctu'cen 

ctmlml    wire  and   the   lead 

Mill,  and  the  fine  radial  lines  4  B 

>rescnt  the  lines   of  force  of 

:  electric  field  in  the  insulating  medium  for  the  same  volt- 
e  between  the  wire  and  the  lead-covering  in  each  case. 
A  *rty  complwe  diictuaion  trf  Kctrln't  l>w  is  giwo  by  Dr.  F.  A.  C.  r«Tine  hi 
Im^  mlitlcd  Cui»l(KiM>  ti«  Elccirkal  Di>tiibutiun(n.  Vui  NoMnni!,  j 
^  i«i-i78. 
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'Die  vnltajfc  dctemunes  tht  ai<eragt  nttenax  a  du  decfik 
rivlil  lictwccn  the  core  and  die  castng,  and  I3i:  ^uie  sbon 
Ihat  the  c-Icctric  field  is  much  more  intcpae  near  the  snc&x 
of  tile  small  wire  in  B  than  it  is  near  131:  ior&ce  of  tht 
larni:  wire  in  yJ,  Therefore  the  strcng^  of  a  gwoi  insulanng 
iticiliiiiii  to  withstand  the  electric  stress  betvee:  nie  core  md 
hliratli  of  a  cable  defK'nds  not  only  rxgoa  liie  Tw3al  dockness  of 
the  irisiilatiitn  but  also  upon  the  radius  k£  tiic  ccxnl  wire. 


1 


I '.ac  ti  iif  llic  iii;i|;ranis,  ,-]  and  B,  Fig.  170,  represents  in  section 
till'  \\s"  «ii'i*',  i.f  a  iransniission  line,  and  the  fine  cur\*ed  lines  rep- 
ii-.cui  ilic  liiH-s  of  lorcc  of  the  electric  field  in  the  insulating 
iiii-iliiitn  fnr  till'  sunn-  voltaKC  between  the  wHres  in  each  case. 
Till-  vnllai;<-  (Ic'tcnniiu's  tlio  if.-trage  intensity  of  the  electric  field 
alniij;  llu-  slr.iii;lil  lines,  //,  and  the  figure  shows  that  the  electric 
fichl  is  iniii'li  iiiiiri'  intense  near  the  small  wires  in  B  than  it  is 
near  the  V.w^-y  wires  in  .7.  Therefore  the  strength  of  a  given  in- 
snlaliuj;  inediniii  in  witti.stand  the  electric  stress  between  two 
ijne  wifL's  <ie|>i-n(ls  imt  only  upon  the  distance  from  surface  to 
surface  nf  the  wires,  liiit  also  upon  the  size  of  the  wires. 

Tiiis  (le]ien(lent-c  of  tile  strength  of  the  hne  insulation  upon 
tile  size  ()r  tile  wires  may  bo  made  more  intelligible  in  tenns  of  a 
mechanical  analogue.  Tims  a  block  of  glass  is  much  more 
severely  slrainvil  when  it  is  sijiice/cd  between  two  fine-pointed 
tools  than  when  it  is  st]Mcezed  with  the  same  total  force  between 
two  blunt-poinied  tools,  and  it  is  in  the  immediate  neighborhood 
of  the  fine  points  that  the  excessive  strain  occurs. 
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field  intemilj  (rolti  prr  centimeler)  il  >  poial/.  Fig.  171,  dislint  :r  froni  tbe  ■!»  of 
the  cable,  il  proportional  10  I/t,     Therefore  we  may  vrile 

f  \  (.) 

where  y  is  the  electric  field  inlensilf  at  *  point  distant  x  centimelcfs  from  the  axis,  and 
Aba  coniunt  to  be  determined.  The  Flectnanolive  lorce,  E,  l)etween  the  cenlral 
«rii«  and  the  thealb  ii : 

E^C'/.d.  (ii) 

wbeoce,  Hibaiitutiikg  the  value  of/  fruni  (i),  we  have: 


Nuw  the  electric  field  \MtniHy  at  lUf  SMrfare  0/ t*e  tr 
(i)  or,  uiiog  ibe  nine  of  i  Irom  (iv),  we  have 


■e  is  tjfly  from  e.'iunl  ion 


in  whicli/aiai.  il  the  maiiDum  electrical  stress  (volls  pet  cenlimFter)  in  ihe  insula- 
tioa  of  a  cable,  X,  ii  the  radio*  <d  tbe  central  wire  in  cenlimelen,  A',  is  the  inside 
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radius  of  the  metal  sheath,  E  is  the  electromotive  force  in  volts  between  the  oota 
wire  and  the  sheath,  and  Log^  R-i^\  '^  ^^  Naperian  logarithm  of  the  ratio  R^Ry 

Maximum  electric  stress  in  the  medium  between  paraUei  tatres.  —  Let  ^  be  die 
radius  of  each  wire,  and  d  the  distance  from  center  to  center.  Tlie  electric  Seld  in- 
tensity ( volts  })er  centimeter)  at  a  point,  /,  on  the  line,  //,  distant  x  from  the  ceoterof 
/r^  and  distant  d — x  from  the  center  of  IV^,  see  Fig.  172,  consists  of  two  pu\s,f 


w" 


p.^ 


w^ 


T^^r 


d 

ng.  172. 


and  /",  which  are  proportional  to  i/x  and  to  i/(</—  x)  respectively,  so  that  we  mty 
write : 


and 


X 


^  d  -  X 


0) 


(ii) 


These  two  equations  are  only  approximately  true  unless  the  distances  x  lad 
t/ —  jr  are  measured  from  points  a  very  little  closer  together  than  the  axes  of  the  two 
wires.  When,  however,  A'  is  small  in  comparison  with  </,  it  is  sufficiently  exact  to 
measure  .r  and  </ —  x  from  the  axes  of  the  wires. 

The  electromotive  force  E  between  the  wires  is  : 


J*T=d—R 
x=R 


fiiil 


Therefore,  using  the  values  of /^  and/^^  from  equations  (i)  and  (ii),  we  find,  bj 
intom;ilii)n  : 

AT  "^-^ 

E^2k  Log.— ^,  - 
or.  since  A*  is  usually  small  in  comparison  with  t/,  this  equation  may  be  written: 


E=2k  Log,  ^ 


\\  In  Ml  I* 


k  = 


E 
2  Log, 


(iv^ 


R 


N.iw  \\\v  ir^ion  of  greatest  intensity  of  the  electric  field  is  at  the  surface  of  ooe  (or 
•  In  Ml  III  I  )  ol  tl>r  wires  where  x    -  v^,  and  where 
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d 
Ila 
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—  *)  whicli  i*  very 

h  /bu  i*  >fw  maiimum  electric  stress  ( rolls  per  cvn 
1  two  p««lW  *ir«  «ch  of  ndius  ff  Mntimelcrt.  £  i. 
1  the  wiret  in  volt*,  rf  n  the  ditunce  in  ceolimelera  b 
ivd  I^.//r#  ■>  ll'c  N«p<rjiin  Iri^itilhni  of  the  titio,  d 
mtf/t.  ~  The  el«iri«l  .ireiiKtb  of  lit  is  ■houl  16,000 
K,  tubillluling  36,cOo  for/„„  in  Biu.Iion  (49),  we 

■  •bd  6  lnehe»  tpM;  and   that   ii)|,Soo  vulu  is  Ihe 
Mt  the  air  un  sustain  between  two  wires  500  miti  in 
mler  to  ceiileT.     It  is  worthy  of  tmte  that  when  Ihe  vo 

pHltttkc*  place  mainlr  by  (onvectiim  CUItenU  of  elcc 

(49) 

ler)  in  ihe  mrdium 
eleeiromotive  fore* 
een  the  axes  of  the 

lU  per  cenlimeler.* 
Ilial  3.014  volls  is 
two  wires  6  mill  in 

uneter  and  6  Inchei 
gc  between  two  very 
rvening  air,  the  sir 
and  di»l»rKe  from 
ally  aiuKt^  air. 
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the  watts  lost  by  discharge  between  two  bare  wires  each  0.0126  inch  in  diameter  and 
1,040  feet  long  stretched  side  by  side  at  a  distance  of  48  inches  apart  ;  and  carrel 
shows  the  watts  lost  by  discharge  between  two  bare  wires  each  0.128  inch  in  diua- 
eter,  1,040  feet  long  and  48  inches  apart.  The  abscissas  in  Fig.  173  represent 
effective  values  of  the  alternating  electromotive  forces  used.  An  alternating  electro- 
motive force  reaches  a  maximum  value  equal  to  about  1.4  times  its  effective  \'alue. 

122.  Pole-line  insulation.  —  When  the  voltage  between  two  line 
wires  is  less  than  that  required  to  cause  a  break-down  of  the  in- 
tervening air,  the  leakage  of  current  through  the  air  from  wire  to 
wire  is  entirely  negligible.  The  only  perceptible  leakage  of  cur- 
rent is  at  the  supporting  insulators  and  through  branches  of  trees 
and  other  objects  which  happen  to  touch  the  wires. 

If  the  insulators  are  made  of  glass  or  thoroughly  vitrified 
porcelain  the  leakage  of  current  through  the  material  of  the  insu- 
lator is  always  negh'gible,  unless  the  insulator  is  ruptured,  but  the 
Icakat^e  of  current  over  the  surface  of  the  insulator  may  be  con- 
siderable. This  leakage  over  the  surface  of  the  insulators  is 
reduced  to  a  minimum  by  designing  the  insulators  so  that  the 
length  of  tlie  leakage  path  measured  along  the  surface  may  be  as 
great  as  possible,  and  so  that  a  portion  of  the  surface  may  be 
shielded  from  rain  and  mist.  This  is  accomplished  by  making  a 
series  of  deep  grooves  around  the  bottom  of  the  insulator  as 
shown  by  the  sectional  view  of  the  insulators  in  Fig.  160.  Tliis 
type  of  insulator  is  called  the  petticoat  type  ;  single,  double  or 
triple  petticoat  as  the  case  may  be.  An  objection  to  the  petticoat 
insulator  is  that  insects  are  apt  to  build  their  nests  in  the  deep 
recesses  between  the  petticoats  and  thus  impair  the  insulation. 
This  is  especially  the  case  when  the  insulators  arc  opaque  and  the 
grooves  dark. 

'I'lie  strength  of  an  insulat(^r  t(^  withstand  a  high  voltage  with- 
out ru})ture  has  nothing  directly  to  do  with  its  insulation  resist- 
ance. Analogously,  the  strength  of  a  porous  earthenware  jar  to 
withstand  pressure  without  bursting  has  nothing  directly  to  do 
with  the  facility  with  which  the  porous  walls  of  the  jar  permit  the 
water  to  flow  through  them.    Insulators  for  high-voltage  lines  are 
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usually  tested  for  electric  strength  by  subjecting  them  to  a  voltage 
kbout  twice  as  great  as  they  are  to  withstand  in  service. 

Wires  on  pole  lines  are  provided  with  an  insulating  covering 
>nly  when  it  is  desired  to  reduce  the  risk  of  accidental  contacts 
mrith  adjacent  wires.  Thus  the  high-voltage  lines  which  supply 
irc  lamps  in  city  streets  should  have  insulating  coverings  to  re- 
duce the  danger  of  accidental  contacts  with  telephone  and  tele- 
graph wires.  On  the  other  hand  the  wires  of  a  very  liigli -voltage 
transmission  line  are  usually  bare,  inasmuch  as  any  ordinary 
insulation  would  be  inadequate  to  ensure  protection  in  case  of 
.accidental  contacts  with  other  wires  or  with  persons. 

123,  Insulation  of  underground,  house  and  station  wires.  —  In 
the  installation  of  underground,  house  and  station  wires,  two 
things  should  be  kept  in  mind,  namely  :  (a)  The  insulation  of  the 
wires,  and  especially  the  employment  of  insulating  material  that 
will  be  absolutely  water-proof,  and  (6)  the  protection  of  the 
wires  and  their  insulating  covering  from  mechanical  injury.  The 
only  water-proof  insulation  is  a  covering  of  rubber  or  a  covering 
of  fibrous  in.sulation  encased  in  a  seamless  lead  sheatli,  and  the 

■  most  satisfactory  mechanical  protection  is  that  which  is  afforded 
by  an  iron  pipe  or  by  a  vitrified  clay  conduit  laid  in  concrete 
underground,  or  built  in  the  walls  and  floors  of  an  office  building. 

124.  Supplementary  references.  —  A  full  description  of  the  great 
variety  of  structural  details  involved  in  pole  lines  and  under- 
ground distributing  wires  and  cables,  and  a  full  discussion  of  the 
details  of  station-  and  house-wiring  including  the  questions  of 
location  and  design  of  junction  boxes,  switches  and  cut-outs,  are 
beyond  the  scope  of  this  text.  A  very  complete  treatment  of  pole 
lines  and  underground  wires  and  cables  is  given  by  A.  V.  Ab- 

(Ott  in  his  book  entitled  Electrical  Transmission  of  Energy,  Van 

Kostrand,  1905.     A  wealth  of  practical  information  concerning 

^tside  and  inside  wiring  is  given  in  the  National  Electrical  Code 

hich  is  described  on  page  220  of  this  text.     Valuable  informa- 

1  concerning  wires  of  all  kinds,  iron,  steel  and  copper,  bare    I 
lad  maulatcd,  may  be  found  in  the  little  btiok  entitled  iVin-  in 
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ELECTRIC   DISTRIBUTION  AND  WIRING.  3^7 

This  table  is  based  on  a  resistance  of  10.51  ohms  per  mil -foot 
at  75®  F.,  a  temperature  coefficient  of  resistance  of  0.0022  per 
d^ree  Fahrenheit,  and  a  density  of  3.03  x  io~®  pound  per  mil- 
foot,  or  555  pounds  per  cubic  foot. 

Aluminum.  —  Resistances  in  above  table  are  to  be  multiplied 
by  1. 6 1  for  aluminum  wire. 

Weights  in  above  table  are  to  be  multiplied  by  0.30  for  alu- 
minum wire. 

Iron  and  Steel,  —  Resistances  in  above  table  are  to  be  multi- 
plied by  about  7  for  iron  and  steel  wires. 

Weights  in  above  table  are  to  be  multiplied  by  0.876  for  iron 
and  steel  wires. 


CHAPTER   X. 

PHOTOMETRY   AND    ELECTRIC    LIGHTING. 

125.  Radiant  heat.  Light.  —  The  radiation  from  a  hot  body 
may  be  resolved  into  simple  parts  each  of  which  is  a  train  of  ether 
waves  of  definite  wave-length.  All  of  these  simple  parts  of  the 
total  radiation  have  one  common  property,  namely,  they  generate 
heat  in  a  body  which  absorbs  them.  Therefore  every  portion  of 
the  radiation  from  a  hot  body  is  properly  called  radiant  heat 
The  intensity  of  a  beam  of  radiant  heat  is  measured  by  the  heat 
it  delivers  per  second  to  an  absorbing  body.  Thus  the  radiation 
emitted  by  a  standard  candle  represents  a  flow  of  about  450  ergs* 
per  second  across  one  square  centimeter  of  area  at  a  distance  of 
one  meter  from  the  candle. 

Radiant  heat  of  which  the  wave-length  lies  between  39  and  75 
millionths  of  a  centimeter  affects  the  optic  nerves  and  gives  rise 
to  sensations  of  light.  Therefore  radiant  heat  of  which  the  wave- 
length lies  between  these  limits  is  called  light.  These  limits, 
which  are  called  the  limits  of  the  visible  spectrum,  are  not  sharply 
dit?[\\Q.(l,  but  they  vary  considerably  with  different  persons  and 
with  the  degree  of  fatigue  of  the  optic  nerves. 

The  pJiysical  intensity  of  a  beam  of  light  is  measured  by  its  per- 
fectly definite  thermal  effect,  that  is  by  the  heat  energy  it  delivers 
per  second  to  an  absorbing  body.  Thus  those  parts  of  the  radi- 
ation of  a  standard  candle  which  lie  within  the  visible  spectrum 
rq^resent  a  flow  of  about  9.3  ergs  per  second  across  an  area  of 
one  square  centimeter  at  a  distance  of  one  meter  from  the  candle. 
Comparing  this  with  the  flow  of  energy  which  is  represented  by 
the  total  radiation  from  a  standard  candle,  namely,  450  ergs  per 

*  Heat  is  properly  expressed  in  energy  units.     One  erg  of  heat  is  the  amount  of 
heat  that  is  equivalent  to  one  erg  of  mechanical  energy. 
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Kind  across  an  area  of  one  square  centimeter  at  a  distance  of 

c  meter  from  the  cantllc,  it  follows  that  only  about  2  \xt  cent. 

ll>e  energy  radiated  by  a  standard  candle  lies  within  the  limits 

the  visible  spectrum,  that  is.  only  about  2  per  cent,  of  the  radi- 
iotl  from  a  standard  candle  is  light. 

7'A^  lumiHous  iittoisity  of  a  beam  of  light  is  presumably  measured 
f  the  intensity  of  the  light  saisalton  it  can  produce,  but  the  in- 
Dsity  of  the  light  sensation  produced  by  a  given  beam  of  light 

extremely  indefinite.  A  given  beam  of  light  entering  the  eye 
»y  produce  a  strong  or  a  weak  sensation  depending  upon  mani- 
Id  individual  peculiarities  of  the  person  and  upon  the  degree  of 
t^uc  of  the  retina,  and  the  vividness  of  tlic  sensation  depends 
the  extent  to  which  it  is  enhanced  by  attention.  Our  sen- 
Itions  are  really  not  quantitative  in  the  physical  meaning  of  that 
;  in  fact  they  enable  us  merely  to  distinguish  objects,  to  judge 
hethcr  things  arc  alike  or  unlike,  and  the  certaint>-  and  precision 
ith  which  we  can  do  this  is  exemplified  in  every  outward  aspect 
Four  daily  life.     Thf  ratio  of  Ike  lumtnotis  intaisities  i>f  ttL'o  fnams 

light  is  measured  by  using  a  dance  to  alter  in  a  knovrn  ratio  Ike 
Physical  intensity  of  one  luam  untilit  gives,  as  nearly  as  one  can 
)uJgf,  a  degree  if  illumination  on  a  screen  which  is  e^al  to  {lii<) 
r  illumination  produced  by  the  oilier  beam. 

1S8.  Pbotometry.  —  The  measurement  of  the  light  emitted  by 

lamp  itt  called  fltoionietry.  This  measurement  is  alwaj's  made 
f  comparing  a  beam  of  light  from  tlic  given  lamp  with  a  beam 
flight  from  a  standard  lamp,  as  explained  in  the  previous  pani- 
nph,  and  the  physical  de\'ice  there  referred  to  is  called  a  photom- 
tr.  The  comparison  of  the  total  light  in  a  beam  from  a  given 
mp  with  tlic  total  light  in  a  beam  from  a  standard  lamp  is  called 
mple  photometry  ;  whereas  the  comparison  wave-length  by  wave- 

i|ftb  throughout  the  spectrum  ts  called  spictro-pholometry.  A 
lenta]  difficulty*  in  simple  photometry  is   that  different 
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lamps  usually  show  JMbcnccs  of  color, 

color  do  not  dwafyrar  wbfcn  die  attcaipl;  i 

friiotoaMtier  to  equaG^  of  brigfatnesL 

The  results  of  die  qiectro-phutaiieUiL  • 

light,  lime  l^ht,  and  day  l^;fat  are  shown  fay  the  curves  in  Fig. 

174.^    The  curves  refer  to  beams  of  gas  V^^  fime  l^fatand 

day  light  all  of  which  have  the  same  intensi^  at  Fnumhofei's  D 

line(die  middle  of  the ydkm 
icgioo  of  die  spectrum) ;  and 
the  curves  show,  fiir  ex- 
ample^ that  the  beam  of  day 
%ht  is  about  six  times  as 
h^rht  as  the  beam  of  gas 
l%ht  at  Fnumhofer's  F  fine 
(in  the  blue  region  of  die 
plectrum),  and  only  about 
one  fourth  as  bright  as  the 
gas  light  at  Fraunhofer's  B 
line  (in  the  red  region  of 
the  spectrum). 

127.  Standard  lamps.  — 
The  British  standard  candle 
is  a  sperm  candle  made  ac- 
cording to  exact  spedfications  and  burning  1 20  grains  of  sperm 
per  hour.  The  Hefner  lamp,  so  called  from  its  inventor,  is  a 
lamp  which  bums  pure  amyl  acetate.  The  wick  and  its  con- 
taining tube  are  of  prescribed  dimensions  and  the  wick  is  turned 
up  to  give  a  flame  of  prescribed  height  % 


*  A  simple  form  of  sp>ectro- photometer  is  described  in  Nichols  and  Franklin's  Ele- 
ments  of  Physics^  Vol.  III.,  p.  130. 

t  Sec  Nichols  and  Franklin.  A  spectro-photometric  comparison  of  sources  of 
artificial  illumination,  American  Journal  of  Science,  Vol.  38,  pp.  100-114,  ^^ 
cembcr,  1889. 

JSee  Zeitsckrift  fUr  Imtrumentenkunde,  Vol.  XVIII.,  p.  257,  July,  1893.     ^ 

T  satisfactory  discussion  of  the  Hefner  lamp  may  be  found  in  Pkoicmetrical  Meas- 
nenis,  by  Wilbur  M.  Stine,  The  Macmillan  Co.,  1900^  pp.  I45-160. 
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The  intensity  of  a  horizontal  beam  of  light  from  a  Hefner  lamp 
:  called  a  hefner  unit  or  a  heftier.  If  a  lamj)  were  to  give  one 
cfncr  unit  of  light  intensity  in  every  direction,  the  amount  of 
ight,  or  the  so-called  flux  of  light  emitted  by  the  lamp,  would 
:  what  is  called  one  spJuTmii-hifnir.' 

The  great  reliability  of  the  Hefner  lamp  as  compared  with  the 

idard  sperm  candle  has  led  to  the  definition  of  the  candle  in 

US  o(  the  hefner  unit.     The  eamiie  or  the  candle  unit  is  a  beam 

f  light  of  which  the  intcn-sity  is  1.136  hefner  units  and  the  spher- 

rai-fofuile  is  equal  to   1.136    spherical-hefners.     The  standard 

>crTn  candle  is  no  longer  used  in  photometric  work. 

128.  Conical  intensity  and  sectional  intensity  of  light  —  The 
ixpression.  intinsity  of  a  beam  of  light,  w  liicli  is  used  in  tlic  above 
leftnitions  of  tlie  hefner  and  the  candle,  refers  to  the  amount  of 
(ght  in  a  unit-sixcd  cone  of  rays.  This  conical  intntsifj;  which 
t  may  be  called  for  brevity,  is  expressed  in  hefners  or  candles  ; 
t  b  indqxrndenl  of  distance,  since  the  light  in  a  given  cone  of 
■ys  remains  in  that  cone;  and  it  depends  only  upon  the  area  and 

ghtncss  of  tlic  luminous  surface  of  the  lamp. 

The  intensity  of  a  beam  of  light  may  alsfj  refer  to  the  amount 
€  light  per  unit  sectional  area  of  the  beam.  This  sectional  inttH- 
ti/i'  of  a  beam  of  light,  which  it  may  be  called  for  brevity,  de- 
s  as  the  square  of  the  distance  from  the  lamp  incrca-scs.  and 
:  is  expressed  in  terms  of  a  unit  called  the  lux,  which  is  the 
Ktional  intensit>-  of  a  horizontal  beam  from  a  Hefner  lamp  at  a 
Kstance  of  one  meter  frtjm  the  lamp.  The  sectional  intensity,  /, 
fa  given  beam  in  luxes  at  a  distance  of  (/meters  from  a  lamp  is 
pvcn  by  the  equation : 

/.*  150) 

which  *  is  the  conical  intensity  of  the  beam  in  hefner  units. 

•Tile  ifilicricai-hrfncr  w  ni't  m  ktnil  o(  Mart.  Thr  wonl  iphcilril  It  mil  utrd  u 
•dfKtlia,  bill  the  Icnii  uaaiU  far  ■  diitincl  cuacrplioa ;  It  ii  mi:  won],  ami  it 
bbU  be  wrillcn  wilh  ■  hyphen. 
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InUfisity  of  illumination, — The  amount  of  light  per  unit  sec- 
tional area  of  a  beam,  that  is,  the  sectional  intensity  of  the  beam, 
measures  the  intensity  of  illumination  of  a  surface  upon  which 
the  beam  falls  perpendicularly.  Therefore  the  intensity  of  illumi- 
nation of  a  surface  may  be  expressed  in  luxes.  Thus  thein- 
tensit\'  of  illumination  required  for  easy  reading  is  the  intensity 
of  illumination  at  a  distance  of  one  foot  from  a  standard  candle, 
which  intensity  is  sometimes  called  the  "  candle-foot,"  and  it  is 
equal  to  1. 1 36  (0.305)*  =  1 2.2 1  luxes  according  to  equation  (50). 

A  complete  statement  of  the  various  photometric  units  depends  upon  a  clear  onder- 
standing  of  what  is  called  solid  angle.  Consider  a  cone,  and  a  sphere  with  its  center 
at  the  apex  of  the  cone.  The  solid  or  spherical  angle  of  the  cone  is  measured  bj  the 
ratio  of  the  area  of  the  portion  of  the  spherical  surface  within  the  cone  to  the  sqoaie 
of  the  radius  of  the  sphere.  Thus  the  unit  of  solid  angle  is  subtended  by  one  square 
centimeter  of  the  surface  of  a  sphere  of  one  centimeter  radius,  and  the  com|^rte  sor- 
fiu:e  of  a  sphere  represents  4T  units  of  solid  angle. 

Consider  a  lamp  placed  at  the  center  of  a  sphere  of  unit  radius  so  that  one  unit  of 
area  of  this  sphere  may  represent  one  unit  of  solid  angle  or  one  unit-cone.  Imagine 
the  lamp  to  give  one  hefner  of  conical  intensity  of  light  in  every  direction.  Then  the 
amount  of  light  (light-flux)  passing  out  in  one  unit-cone  (through  unit  area  of  the 
sphere  J  is  called  one  lumen  of  light-flux. 

The  given  lamp  emits  one  spherical -hefner  (o.88of  a  spherical-candle)  of  light-flux, 
because  the  conical  intensity  is  assumed  to  be  the  same  in  every  direction;  but  the 
whole  sj>herical  surface  represents  4^  units  of  solid  angle  or  4T  unit  cones.  Therefore 
the  lamp  emits  4T  lumens  of  light-flux.  That  is  to  say,  a  spherical -hefner  of  light- 
flux  is  ctjual  to  4T  lumens. 

The  lux,  which  is  defined  above  as  the  intensity  of  illumination  at  a  distance  (hori- 
zontally;  of  one  meter  from  a  Hefner  lamp,  represents  of  course  a  certain  amount 
of  light  flux  lulling  ujx)n  each  s^juare  centimeter  of  the  illuminated  surface.  Now  the 
area  <^f  a  sphere  of  one  meter  radius  is  4O,O0OTr  square  centimeters  and  if  the  lamp 
gave  out  light  equally  in  all  directions,  one  spherical-hefner  or  47r  lumens  would 
pav>  out  from  it.  Therefore  one  lux  represents  one  ten-thousandth  of  a  lumen  per 
.square  centimeter  or  ^xinViTTr"^  '^  spherical-hefner  per  square  centimeter. 

As  an  illustration  of  the  >ignificance  of  the  terms  hefner,  lumen  and  lux,  considers 
beam  iA  light  emitted  by  a  glow  lamp.  Let  the  conical  intensity  of  this  beam  l>e  l8-2 
hefiuMs  { 16  candles).  Let  the  solid  angle  of  this  beam  be  O.OI  of  a  unit,  that  is  to 
say,  the  solid  angle  subtended  by  o  OI  of  a  s(|uare  centimeter  of  the  surface  of  a  sphere 
of  which  the  radius  is  one  centimeter.  Then  the  number  of  lumens  of  light-flux  in 
the  beam  is  l8.2  hefners  multiplied  by  o.oi  unit  of  solid  angle,  which  is  equal  to 
o.  182  lumen.  The  sectional  intensity  of  this  beam  at  a  distance  of  one  meter  from 
the  lamp  is  1 8. 2  luxes. 
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■Titt  to-nltnl  warch'liKhl  pteMriils  »)»ii:  very  inlerrsling  Tealuru  iu  n^aril  to  cini- 
I  MUflut]'.  The  nainnkal  example  given  below  will  serve  *s  an  ittuutBlkHi.  To 
tauiplr  uiie  muil  tenienihrr  ihal  lighl  which  eroaniln  from  a/niBj 
IK  focal  plane  of  a  lens  ut  minor  is  Iraiuiumied  by  th«  lens  or  mirTui  inlo  ■  beim 
tjf»  which  ate  all  parallel  (ignoring  errors oliphcrlcal  dnil  chromalie  aberration  and 
t  line  drawn  (loin  llie  poiiil  to  ihc  center  of  ihe  leas  or  lo  ihe  center 
he  tniriDr.  Therrfute  the  lighl  which  emanaics  from  a  ima/i  lumi- 
mrfiu/  in  the  local  plane  i%  toiisfDrmcd  into  a  tcries  aS  parBllel  l>«ims  all  the 
•  of  atiicb  lie  I  at  a  great  diitance  froni  the  search  light)  within  Ihe  cone  Ibnued 
•Irawlnit  hot*  from  every  point  of  the  anall  luminous  lurface  lo  Ihe  cenlet  of  the 
oa  lo  Ihc  center  of  curvaluie  of  ihe  inirmr,  and  the  solid  angle  of  this  cone  is 
1  (a  ihe  area  of  the  tmall  luminous  turface  divided  by  ibe  tqUBTe  of  the  local 
Lhof  ll»  lens  lormim-r). 
The  powerful  arc  lamp  uf  a  certain  narcb- light  emits  light  of  10,000  condlei  conical 
Iflowards  every  part  of  a  Itns  (or  mlrrut)  which  aulitrndi  imc  unit  of  Milid  angle 
I  fma  Ihe  arc  which  it  al  ilt  focus.  The  luminous  surface  of  Ihe  lampja  one 
r  of  a  tquare  cenlimeler  and  ihe  local  lenglb  of  (he  lens  [or minor)  is  jO  cen- 
%,  Thtrrfoir  ibe  solid  angle  of  Ihe  Cone  which  contains  ihe  srarch- light  beain 
K  divldwi  by  jo'  or  ^^  iif  a  unit,  and,  if  we  assume  ihal  no  light  is  losi  m  Ibe 
>  (a*  oo  the  mirioi)  by  absorplion,  Ihe  conical  inlcnsity  of  ibe  search-light  beam 
br  j.GOO  times  as  great  »  Ihe  conical  intcnxily  uf  the  lighl  direct  from  Ihe 
»,  ot  36^000.000  candles.  One  who  consider*  Ihit  example  carerull]'  will  be  iin- 
•ed  with  ih(  in>|iiiiij<nl  foci  thai  ihe  cnmtte  i>  nirt  a  unll  uTquanllly  uf  light.  The 
•die  and  the  bcfuci  aie  units  of  conical  iiileuiily. 

126.  The  Bunsen  photometer  is  a  device  for  measuring  the 
nical  intensity  of  a  beam  of  light  frotii  a  given  lamp  in  hcfners 
in  candles.     It  is  the  photometer  that  is  ahtio^t  universally 

rd  in  simple  photometric  meastiremeiits.  The  given  lamp 
d  the  standard  lamp  are  placed  at  the  ends  of  a  hon;!ontal 
rand  a  screen  of  thin  unsized  pajxr  is  moved  along  the  bar 
til  lh<^  two  sides  of  the  screen  arc  etiually  illuminated  by  the 
t>  lamjis.  The  intensities  of  illumination  (sectional  intensities 
the  beams  of  lightl  due  to  the  respective  lamps  arc  A  ./*  and 

^rf".  according  to  c<iu.ition  (50!.  and  since  these  arc  ctjual  we 

which  A  and  //'  are  the  conical  intensities  in  hefners    or  in 

idles  of  the  light  sent  towards  the  scn:en  by  the  respective 

and  </  and  it  are  the  distances  of  the  lamps  from  the  screen. 


3>4 
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An  irregular  grease  spot  on  the  thin  paper  screen  enables  one 
to  judge  better  when  the  illumination  is  the  same  on  the  two 
sides.  This  spot  should  be  made  with  clean  paraffin  and  tbe 
excess  of  paraffin  should  be  drawn  out  of  the  screen  by  placing 
it  between  folds  of  absorbent  paper  and  applying  a  hot  flat-iron. 

In  the  use  of  the  Bunsen  photometer  a  carbon-filament  electric 
lamp  is  generally  used  as  a  working  standard.  This  lamp  is 
previously  standardized  for  a  particular  voltage  and  in  a  particular 
direction,  by  comparing  it  with  a  Hefner  lamp  ;  and  when  used 
it  is  operated  at  this  particular  voltage.  Carefully  standardized 
carbon -filament  lamps  are  offered  for  sale  by  the  United  States 
Bureau  of  Standards,  Washington,  D.  C 


FlE.  I  7S. 

130.  Distribution  of  light  around  a  lamp.  —  In  the  definition  of 
the  splicrical-iiefner  the  idea  of  uniformity  of  distribution  of  light 
around  the  lamp  was  introduced  for  the  sake  of  simplicity.     In 

fact,  however,  no  lamp  gives  complete  uniformity  of  distribution, 
but  the  conical  intensity  in  hefners  or  candles  is  always  greater 
in  certain  directions  and  les.s  in  other  directions.     Thus  Fig.  175* 

*  Taken  from  a  paper  by  J.  R.  Cravalh  and  V.  R.  Lansingh  on  Reflectors,  Shades 
niid  Globes,  Eliclriial  World  ami  En^infrr,  Vol.  46,  pp-  907,  947,  991,  IO33  «D<1 
/074,  jVovembcr  25  to  Decembei  ij,  \^\. 
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the  distribution  of  light  about  a  t>'pica]  "  ]6-cai)dlc- 
'  carbon-filament  lamp  without  a  shade,  and  Fig.  176 
the  distribution  or  ligiit  about  the  same  lamp  when  it  is 
in  an  aluminum  cone  reflector.  In  these  figures  tlie  con- 
msity  of  the  liglit  in  each  di-  , 

in  candles  is  represented  to 
y  the  length  of  the  corre- 
ig  radius  vector  of  the  dotted 

distribution  of  light  about  a 
irhich,  like  a  carbon-filament 

lamp,  can  be  held  in  any 
1,  may  be  determined  by 
ng  the  lamp  in  a  universal 
at  one  end  of  the  photometer 
iming  it  step  by  step  into 
<  positions,  and  taking  tlie 
teter  reading  for  each  position, 
ome  cases  a  lamp  is  sym- 
J    with    respect    to   an   axis, 

a  complete  knowledge  of  tlie  distribution  of  light  about 
np  may  be  obtained  by  determining  the  intensities  of  the 
,  different  directions  in  a  single  plane  which  contains  the 

^mraetrj*. 
lany  cases  a  lamp  is  approximately  symmetrical  with  re- 

0  »n  axis  so  that  the  slight  variations  of  the  intensity 
l^ht  around  the  axis  of  approximate  symmetry  arc 
importance.       In    such    a   case    the    lack   of  synimctr>' 

B  averaged   out.  as    it   were,   by    rotating    the    lamp   at 

1  of  three  or  fo\ir  revolutions  per  second  about  its  axis 
roxitnate  symmetry  while  the  photometric  readings  arc 
taken.     The  data  for  Figs.    175  and   176  were  obtained 


I  lamp  which  must  be  held  in  a  fixed  position, 
s  are  used  to  reflect  the  diffctcnt  bcanu  fewiv 
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the  lamp  along  the  photometer  bar.  Thus  Fig.  i  TJ  shows  three 
mirrors,  AA,  BB  and  CC^  arranged  to  reflect  the  light  from  a 
fixed  lamp,  L,  along  a  photometer  bar.  The  three  mirrors  are  sup- 
ported in  a  rigid  frame  which  may  be  rotated  about  the  line,  /?£, 
as  an  axis.  The  figure  shows  the  mirrors  in  the  position  to  reflect 
the  downward  beam  from  the  lamp  to  the  photometer  screen. 


V-v^ 


Fit.  177. 


The  mirrors,  AA,  BB  and  CC^  Fig.  177,  must  be  large  enough 
so  that  with  the  eye  placed  at  the  photometer  screen  one  can  see 
the  entire  luminous  surface  of  the  lamp  including  the  globe  or 

shade ;  and  the  distance  of  the  lamp  from  the  screen  must  be 
taken  as  the  sum  of  the  distances,  /,  g,  h  and  /,  Fig.  i  TJ,  The 
mirrors  reflect  a  certain  fractional  part,  only,  of  the  light  from  the 
lamp,  and,  therefore,  the  photometer  reading  must  be  multiplied 
by  a  correction  factor.  This  correction  factor  is  found  by  ob- 
serving the  photometer  readings  of  the  horizontal  beam  from  the 
lamp  with  and  without  the  mirrors,  making  due  allowance  for  the 
eflective  distance  from  lamp  to  screen  in  each  case. 

If  it  is  feasible  the  lamp  should  be  rotated  steadily  about  the 
vertical  axis,  kf,  in  Fig.  177,  while  the  photometer  readings  are 
being  taken. 

131.  Measurement  of  total  light  flux  from  a  lamp.  —  If  a  lamp 
were  to  emit  light  of  the  same  conical  intensity  in  all  directions, 
then  the  conical  intensit}'  of  the  light  in  hefners  (or  candles) 
would  be  numerically  equal  to  the  total  light  flux  from  the  lamp 
in  spherical -hefners  (or  spherical -candles),  and  a  single  measure- 
ment of  such  a  lamp  by  means  of  a  Bunsen  photometer  would 
giie  not  only  the  conical  \t\tet\s\t\-  of  the  light  in  hefners  (or 
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(  {or 


to)  but  also   the  total   light  flux   in   spherical- hcfnci 
1 -can  dies),* 

In  general,  however,  light  is  emitted  by  a  lamp  unequally  in 
iffercnt  directions  and  it  is  necessary  to  distinguish  between  con- 
1  intensity  and  total  Ught  flux.  The  total  light  flux  in  spher- 
l-hefners  emitted  by  a  lamp  is  determined  by  measuring  the 
»nica]  intensity  in  hefners  in  every  direction  and  taking  the  aver- 
ige,  which  gives  the  light  flux  in  spherical -hefners.     If  this  aver- 

i  to  be  calculated  in  the  ordinary 
way  by  adding  and  dividing,  the  direc- 
tions in  whicii  the  separate  readings  are 
Jtaken  must  be  distributed  uniformly  over 
Tithe  surface  of  a'Sphere  with  its  center  at 
lamp.       This   sphere   is  called  the 
Ireference   sphere    for    brevity.       If    the 
Headings  are  not  so  distributed,  each  read- 
;  must  be  multiplied  by  the  spherical 
area  which  is  to  be  propeily  assigned  to 
it,  and  the  sum  of  such  products  must 
be  divided  by  the  total  area  of  the  refer- 
ence sphere  to  give  tlie  correct  average. 

When  a  lamp  can  be  rotated  at  a  speedy 
of  three  or  four  revolutions  per  second  Q 
about  its  axis  of  approximate  symmetry, 

the  total  light  flux  may  be  determined  accurately  by  taking  read- 
ings of  the  conical  intensity  in  diflerent  directions  in  one  plane  only, 
namely,  a  plane  which  includes  the  axis  of  rotation.  Thus  the 
lamp.  /.,  Fig.  1 78.  is  rotated  about  the  vertical  axis,  PQ,  and  the 

•There  i»  a  widfspreiii  Icndencj'  among  cleclrica!  engineer  la  confuse  Ihe  unit  of 
wnicBl  inlensily.  the  cundle.  *ilh  the  unit  of  VigM  flu*,  fhc  sph«ical-Mii<lle,  This 
ii  ilu«  lo  the  fact  thai,  in  the  absence  of  exact  data  coocetning  Ihc  dislrilmlion  of  Ught 
.tnuiHl  a  given  lamp,  the  irtegiilarilies  n(  diiitribiKion  are  iEiwred  and  the  lamp  is 
Dioughl  of  as  giving  out  lifihl  unLfotmly  in  ail  liireclions.  Thai 
gtnecti  have  bern  inclined  lo  ignore  ihiit  property  of  ■  lamp  (Ihe 
iribuljon  of  the  light  of  ihe  lamp)  which 
dl«  ifkrriial-CiiH-He  imporlnnt, 


ity  of  dis- 
Ihe  distinction  between  Ihe  candle  and 
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conical  intensities,  R^  Kf^  R!\  R"\  etc,  at  equal  angular  dis- 
tances, ^,  are  measured.  On  account  of  the  rotation  of  the  lamp 
each  setting  of  the  photometer  gives  the  average  conical  intensity 
along  a  parallel  of  latitude,  as  it  were.  Each  reading,  R,  R\  R!\ 
etc.,  represents,  therefore,  the  conical  intensity  over  a  zone  of  the 
reference  sphere ;  so  that  the  readings  must  be  multiplied  by  the 
areas  of  the  respective  zones  and  the  sum  of  these  products 
divided  by  the  total  area  of  the  reference  sphere  to  give  the  aver- 
age conical  intensity  in  all  directions,  which  is  equal  of  course  to 
the  total  light  flux  in  spherical-units,  hefners  or  candles  as  the 
case  may  be.  Thus  the  reading,  R",  Fig.  178,  refers  to  the 
spherical  zone,  oA,  of  which  the  area  is  sensibly  equal  to  the 
length  of  the  arc,  ad  (=  r^),  multiplied  by  the  mean  circumference 
(=  2W=  27rr  sin  ^'),  of  the  zone.  The  radius,  r,  of  the  refer- 
ence sphere  cancels  out  when  one  divides  the  above-mentioned 
sum  by  the  total  area  of  the  reference  sphere  (=  4^^^,  as  above 
explained. 

Example, — The  conical  intensities  are  given  in  Fig.  175  for 
every  10°.  The  area  of  each  of  the  two  polar  zones  corre- 
sponding to  conical  intensities  3.0  and  6.6  is,  ir  x  (5^5^^  of  27r/')" ; 
the  area  of  each  of  the  zones  corresponding  to  conical  intensities 
5.0  and  7.0  is,  27rr  sin  10®  x  (3^^  of  27rr) ;  the  area  of  each  of 
the  zones  corresponding  to  conical  intensities  7.5  and  8.1  is, 
27r;'  sin  20°  x  {-^^^  of  27rr) ;  and  so  on.  A  calculation  of  the 
mean  conical  intensity  in  all  directions  from  the  data  given  in 
^'^^-  '75  gives  13.33  spherical-candles  as  the  light  flux  emitted 
by  the  lamp. 

132.  The  Matthews  integrating  photometer.  — Two  ingenious  arrangements  of 
mirrors  have  been  devised  by  Professor  C.  P.  Matthews  by  means  of  which  the  light 
flux  from  a  lamp  in  spherical-candles  can  be  determined  by  a  single  setting  of  a  phoKv 
meter.*  A  photometer  provided  with  such  an  arrangement  of  mirrors  is  called  an 
intt';^)\itifii^  photoDieter,  The  essential  features  of  one  of  Professor  Matthews'  arrange- 
ments are  shown  in  Fig.  179.  The  lamp,  Z,  to  be  tested  is  rotated  about  the  vertical 
axis,   /7',  and  a  number  of  equidistant  beams  from  Z,  all  lying  in  the  plane,  QLV^ 

*Thc  Integrating  Photometer,  C.  P.  Matthews,  Transactions  of  American  Insti- 
tutc  of  Electrical  Engineers,  Vol.  XVI II.,  pp.  677-697,  1901  ;  Vol.  XX.,  pp.  59-70, 
1902. 
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and  each  repreaentmg  a  xooe  of  the  itSutJUU:  sphoe,*  arc  reflected  to  the  photometfr 
screen,  S,  as  sbovn.  This  pbocamcter  screen  is  statiooarj  and  the  photometer  settJDg 
IS  made  b j  moring  the  standard  lamp  nearer  to  or  £uther  from  the  screen. 

If  the  beams  of  light  from  all  of  the  mirroffs  stmck  the  photometer  screen  at  right 
angles,  the  reading  of  the  pboCometer  voald  be  the  sum  of  the  conical  intensities  of 
all  the  beams,  that  is,  the  phocometer  reading  voald  be  proportion€d  to  the  simflt 
ax'€rag€  of  the  cooical  intensities  of  all  of  the  beams^ 

The  spherical -candle  pover  of  a  lamp  is  Ibcind,  hoverer,  not  by  taking  the  simple 
arerage  of  the  conical  intensities  in  rarioos  directions,  bat  by  taking  what  is  called  a 
wtighud  az€ra^€  as  explained  in  Art.  131. 

If  the  illnminatioo  of  the  screen  by  each  beam  alone  were  s^/z  as  large  as  it  would 
be  if  the  beam  stmdc  the  screen  at  right  angles,  x  being  the  area  of  the  equatorial 
zone  of  the  reference  sphere  which  b  associated  with  the  beam  that  is  at  right  angles 
to  W^  and  2f  being  the  area  of  that  sone  of  the  reference  sphere  which  is  associated 
with  any  given  beam,  then  the  reading  of  the  photometer.  Fig.  179,  would  be  the  sum 
!(:///:)  that  is,  the  photometer  reading  would  be  propcMtional  to  the  true  spherical- 
candle  power  of  the  lamp.  In  fact  the  reading  of  the  photometer  would  be  n  times 
the  spherical-candle  power  ( ■=  'Lz'/j/^Trr*),  where  n  is  equal  to  the  ratio  of  the  area  <^ 
the  entire  reference  sphere,  A^r*,  to  the  area  of  the  equatorial  rone,  a.  The  incomplete 
reflection  of  light  by  the  mirrors  is  considered  later. 

If  the  photometer  screen  were  entirely  free  from  gloss  an  oblique  beam  of  light 
would  produce  a  degree  of  illuminaticMi  inversely  proportional  to  the  area  of  screen 
over  which  unit  sectional  area  of  the  oblique  beam  is  spread,  that  is,  a  degree  of 
illumination  proportional  to  the  sine  of  the  angle  between  the  beam  and  the  plane  of 
the  screen.  This  is  precisely  the  reduction  of  illumination  specified  above  in  terms 
of  the  ratio  z^jz.  It  is  impossible  however  to  make  a  photometer  screen  without 
gloss,  that  is  a  screen  that  does  not  show  regular  reflection  to  some  extent,  and  the 
more  ol)lique  the  incident  light  the  larger  the  proportion  of  the  light  which  is  reflected 
regularly  and  the  less  the  proportion  that  is  reflected  diff"usely  by  the  screen.  There- 
fore the  mirrors  near  the  axis,  Vl\  in  Fig  179  must  be  somewhat  nearer  to  Z  and  S 
so  as  to  lessen  the  optical  distance  from  L  to  5",  and  thus  intensify  slightly  the  beams 
that  strike  the  screen  obliquely. 

The  Matthews  integrating  photometer  is  adjusted  as  follows  so  as  to  eliminate 
errors  due  to  gloss  of  screen  and  errors  due  to  absorption  of  light  by  the  mirrors.  Put 
an  auxiliary  standard  lamp  in  place  of  Z,  cover  all  of  the  mirrors  except  the  pair  thai 
receives  the  horizontal  beam  from  the  auxiliary  standard,  that  is  mirrors  5  and  5'  in 
I'ig.  179,  and  take  the  reading  k-\  o{  the  photometer.  Then  cover  all  of  the  mirrors 
except  any  given  pair,  turn  the  auxiliary  standard  lamp  so  that  its  standard  face  or 
aspect  is  towards  the  uncovered  pair,  set  the  photometer  arbitrarily  at  reading,  kz^ jz^ 
and  adjust  the  uncovered  pair  of  mirrors  inwards  or  outwards  until  the  screen  shows 
e«]ual  illumination  on  its  two  sides.  Proceed  in  like  manner  with  each  pair  of  mirrors 
until  the  adjustment  is  complete. 

*  ('()mj)are  Art.   1 31. 

trhe  (juanlity  ijk  is  the  factor  by  which  any  reading  of  the  photometer  must  be 
multiplied  to  correct  for  loss  of  light  due  to  incomplete  reflection  by  the  mirrors. 
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Vnim  llle  pholofnclcT  has  bcrn  ihiu  prc^crly  adjuslcd  iu  rcadini;  inuil  li«  tnulli- 

nl  by  lUt  fni-lof  i/nnir'  lo  gii«  tlic  true  iphcrinl-cunillc  (lowrt  ol  %  l»in[i,  /,, 

Ichii  being  mcasuicil,  i  brintj  I  he  ar»  of  lh«  ume  tir  I  he  iclriciicc  t[>hrti;  which  U 

with  Ihe  hciriuinliil  Iteam,  imd  f.-rr'  being  Ibe  toUl  uciKif  Ihr  lefciiuicc 

The  ibeoij  »r  [h«  MaUhrwi  [nicgreling  phoiomclct  u  here  given  in  Full  <m  si^mnl 
iKt  ifailt  this  phoiomcler  k  datin«<l  lo  ctitne  into  general  use. 

13S.  The  problem  of  tUnmioatloii.  —  A  room  may  be  said  to  be 
ell  lit;))tt:<i  when  the  eye  is  ojisily  able  to  distinguish,  in  minute 
tail  of  iierception,  the  various  objects  in  the  room.  Comptctc- 
u  of  visual  perception  dc'iKnds  upon  three  conditions,  namely, 
)  a  sufficient  brightness  of  the  illumination  ;  {b)  a  proper  loca- 
n  of  the  light  sources,  so  as  to  bring  out  that  combination  of 
t  shadows  which  is  so  essential  to  the  perception  of  form,  and 
I  a  proper  composition  *  of  the  light,  so  as  to  bring  out  those 
lysical  differences  in  objects  which  the  eye  perceives  as  varia- 
ins  of  color. 

A  room  may  be  intensely  illuminated  by  a  single  arc  lamp,  but 
ch  illumination  is  ineffective,  c\'en  when  the  eye  is  shaded  from 
E  direct  light  of  the  lamp,  because  the  excessive  harshness  of 
B  shadows  renders  the  [terceptiun  of  form  almost  im{K)ssible ; 
I  tlie  other  hand  a  sufficiently  intense  and  progierly  distributed 
|ht,  which  contains  certain  wavc-lengtlis  in  great  excess,  maybe 
tive  because  of  tlie  unusual  or  wealc  color  effects  produced 
ereby.  For  example,  the  light  of  an  ordinar>'  kerosene  lamp 
VKfy  deficient  in  tlic  shorter  wave-lengths  ;  these  shorter  wavc- 
Igths  have  much  to  do  with  the  bringing  out  of  blue  and  violet 
and,  consequently,  a  deep  blue  or  violet  piece  of  cloth 
s  almost  black  by  kerosene  lamp  light  False  color  val- 
I  are  produced  in  a  vcr^'  striking  way  by  the  light  from  the 
trcury-vai>nr  lamp  on  account  of  the  almost  complete  absence 
the  longer  wa\'e-lengths  (red)  in  the  light  fmni  this  lamp. 
be  brilliajit  white  light  of  the  carbon  arc  lamp,  on  ihc  other 
knd,  contains  all  wave-lengths  in  about  the  same  pn>portion  sm 

'  Th*  nMUfBHllion  of  lluhl  rcteri  lu  Ihc  (rUlWc  iiilni>ltlr(  U  ihr  viriiKit  watr 
d  ibc  ll(ht 
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sun  light,  and  all  colors  show  up  well  by  the  light  of  such  an  arc 
lamp. 

Glare,  —  Excessive  contrast  of  light  and  shade  in  the  field  of 
vision  tends  to  hinder  visual  perception.  The  eye  adapts  itself 
automatically  to  the  brightest  lights  in  the  field  of  view  and  all 
perception  of  detail  in  the  shadows  is  lost  *  This  blotting  out  of 
detail  in  the  shadows  by  excessively  brilliant  lights  in  the  field 
of  vision,  which  is  called  glare,  is  especially  marked  when  the 
field  of  vision  includes  a  bright  unshaded  lamp.  The  explana- 
tion of  glare  is  as  follows  :  In  the  first  place,  the  pupil  of  the  eye 
contracts  greatly  when  there  is  a  bright  light  in  the  field  of  vision 
and  this  contraction  lessens  the  effective  brightness  not  only  of 
the  **  high  lights  *'  but  also  of  the  deep  shadows  ;  in  the  second 
place  the  sensitiveness  of  the  retina  seems  to  be  greatly  reduced 
in  bright  light,  and,  while  this  reduction  of  sensitiveness  may 
leave  the  eye  able  to  perceive  detail  in  the  more  brilliantly  illumi- 
nated portions  of  the  field  of  vision  it  tends  to  obliterate  all  de- 
tailed perception  in  the  shadows  ;  and  in  the  third  place  an 
intense  beam  of  light  entering  the  eye  from  a  bright  source  illu- 
minates the  whole  interior  of  the  eye.  just  as  a  beam  of  sunlight 
entering  a  window  illuminates  a  room,  and  this  diffused  light  in  the 
eye  illuminates  and  excites  the  portions  of  the  retina  where  the 
images  of  the  shadows  fall,  and  thereby  obliterates  all  detail  of 
perception. 

An  interesting  case  involving  excessive  contrast  is  that  in 
which  a  workman  at  a  loom,  for  example,  has  his  immediate 
work  illuminated  to  a  fair  degree  of  brightness  while  the  remain- 
der of  the  room  is  left  in  darkness.  If  the  workman  could  keep 
his  e\'es  fixed  upon  his  work  incessantly,  it  is  conceivable  that 
tliis  kind  of  illumination  might  be  satisfactory  ;  but  the  eye  moves 
about  in  spite  of  everything  one  can  do,  and  under  the  assumed 
conditions  the  workman  would  be  unable  to  see  when  he  glanced 
about  the  room  and  he  would  be  blinded  when  he  glanced  at  his 
work.  To  avoid  tliis  impracticable  situation  a  general  illumina- 
of  the  room  is  necessary. 
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It  is  very  important  in  arranging  for  the  illumination  of  a  room 
>  place  the  lamp;  outside  of  the  field  of  vision,  if  possible,  so  that 
no  light  can  enter  the  eye  directly  from  the  lamps  and  render  the 
ye  insensible  to  the  delicate  shading  of  surrounding  objects.  The 
excessive  discomfort  that  is  produced  by  the  glare  of  improperly 
located  lamps,  such  for  example  as  the  exposed  foot-lights  of  a 
poorly  arranged  stage,  is  due  not  only  to  the  physical  pain  that 
is  associated  with  long  continued  looking  at  a  bright  light,  but 
more  especially  to  the  incessant  strain  of  trying  to  peer  into  the 
dark  region  beyond. 

Where  a  lamp  cannot  be  removed  from  the  field  of  vision  the 
bad  effects  of  glare  may  be  greatly  reduced  by  enlarging  the 
effective  luminous  surface  of  the  lamp  by  means  of  a  translucent 
globe.  A  translucent  globe  always  absorbs  a  considerable  por- 
tion of  the  light  of  a  lamp,  but  the  effectiveness  of  the  globe  in 
eliminating  glare  is  due  primarily  to  the  fact  that  a  given  amount 
of  light  coming  from  a  small  brilliant  source  produces  a  much 
greater  glare  than  the  same  amount  of  light  coming  from  a  large 
kint  source. 

Dim  lamps  versus  brilliant  lamps,  — A  much  more  satisfactory 
distribution  of  light  in  a  space  to  be  illuminated  maybe  obtained 
by  using  several  lamps  of  moderate  brightness  than  by  using  one 
or  two  lamps  of  great  brightness.  Thus  very  bright  lamps  are 
not  suitable  for  illuminating  small  rooms  because  the  one  or  two 
lamps  required  to  produce  the  desired  quantity  of  light  give  a 
very  unsatisfactory  distribution,  and  the  number  of  lamps  required 
)  give  a  satisfactorj'  distribution  would  produce  an  excessive 
mount  of  light.  To  give  a  satisfactory  distribution  of  light  over 
;  field  of  vision  in  the  lower  portion  of  a  room,  very  bright 
mps  should  be  raised  to  a  considerable  height  over  head,     In 

meral,  therefore,  very  bright  lamps  are  unsatisfactory  except  for 

^hting  very  large  high  rooms  and  for  street  lighting ;  such 
mps  may,  however,  be  used  satisfactorily  in  moderately  smalt 
oms  when  the  indirect  system  of  illumination  is  employed.  In 
B  qrstem  all  of  the  direct  light  from  tlie  lamp  ot  \a.'nv^%\s^t<i'«\^ 
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upon  the  ceiling  of  the  room  and  the  diffused  light  reflected 
from  the  ceiling  produces  a  beautiful  soft  illumination  in  the  lower 
portion  of  the  room. 

Influence  of  absorption  upon  illumination,  —  An  illuminated 
surface,  such  as  the  wall,  ceiling,  or  floor  of  a  room,  or  the  sur- 
face of  an  object  in  the  room,  absorbs  a  definite  fractional  part  of 
the  light  which  falls  upon  it.  This  fraction  is  called  the  coef- 
ficient of  absorption  of  the  illuminated  surface.  The  lamps  in  a 
room  emit  a  given  flux  of  light  and  at  the  instant  the  lamps  are 
turned  on  the  intensity  of  the  illumination  in  the  room  is  quickly 
increased  by  repeated  reflections  of  the  light  from  the  illuminated 
surfaces  until  tlu  rate  of  absorption  of  light  by  the  illuminated  sur- 
faces is  equal  to  the  rate  of  emission  of  light  by  the  lamps.  Given, 
for  example,  two  rooms,  A  and  B^  illuminated  by  the  same  number 
of  lamps.  Suppose  that  the  two  rooms  have  the  same  area  of 
walls  and  objects  to  be  illuminated,  but  suppose  that  the  illumi- 
nated surfaces  in  room  A  absorb  an  average  of  40  per  cent,  of  the 
light  which  falls  upon  them,  whereas  the  illuminated  surfaces  in 
room  B  absorb  an  average  of  80  per  cent.  In  both  rooms  the 
same  amount  of  light  is  emitted  by  the  lamps  and  therefore  the 
same  amount  of  light  is  absorbed  by  the  illuminated  surfaces ; 
but  this  absorbed  light  is  only  40  per  cent,  of  the  mean  intensit}* 
of  illumination  in  room  A  whereas  it  is  80  per  cent,  of  the  mean 
intensity  of  illumination  in  room  B ;  therefore  the  mean  intensity 
of  illumination  in  room  A  is  twice  as  great  as  it  is  in  room  /?.* 

Flux  of  light  required  for  effeetive  illumination,  —  The  total  flux 
of  light,  in  spherical-candles,  required  for  the  effective  illumination 
of  a  given-sized  room  depends  upon  the  manner  in  which  the 
light  is  distributed,  upon  the  composition  (color)  of  the  light,  and 
upon  the  mean  coefficient  of  absorption  of  the  illuminated  surfaces 
as  pointed  out  above.  Interior  lighting  is  usually  accomplished 
by  lamps  which  give  a  soft  yellow  light,  the  lamps  are  usually 

*  In  general  the  total  flux  of  light  required  to  produce  a  given  mean  intensity  of 
illumination  in  a  room  is  proportional  to  ab^  where  a  is  the  combined  area  of  all  the 
surfaces  to  be  illuminated  and  6  \s  \.\\e  meau  coefficient  of  absorption  of  these  surfaces. 
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distributed  over-head  so  as  to  be  as  nmcli  as  possible  out  of  the 
field  of  vision,  and  wails  and  ceiling  are  usually  yellowish -white. 
Under  these  conditions  about  o.  3  of  a  spherical-candie  is  required 
for  each  square  foot  of  floor  area  to  give  a  degree  of  illumination 
that  would  be  considered  satisfactory  in  a  reception  room  or  in  a 
lecture  hall.  If  the  ceiling  is  very  high  a  greater  candle-power 
is  required  inasmuch  as  the  area  of  the  walls  is  increased.  If  the 
ing  and  walls  are  very  dark,  if  they  are  made  of  .stained  oak 
or  cherry  paneling,  for  example,  effecdve  illumination  may  re- 
quire 0.4  or  0. 5  of  a  spherical-candle  per  square  foot  of  floor  area. 

Street  lighting  by  arc  lamps.*  — Arc  lamps  consuming  about 
500  watts  each  are  usually  placed  200  or  300  feet  apart  in  Amer- 
ican cities,  and  the  height  of  the  lanip.s  above  the  street  is  usually 
20  or  30  feet.  In  many  cases,  especially  in  streets  having  shade 
trees,  smaller  units  placed  nearer  together  give  much  better 
illumination. 

Old  style  open-arc  street  lamps  for  all  night  burning  have  two 
sets  of  carbons,  and  when  one  set  burns  out  the  other  set  is 
thrown  into  circuit  automatically.  Such  lamps  are  trimmed 
<laily,  one  man  being  able  to  trim  about  So  lamps  per  day. 

The  number  of  hours  of  operation  per  year  of  street  lamps 
varies  greatly  in  different  cities.  Thus  the  all-night  schedule, 
lamps  operated  every  night  from  30  minutes  after  sunset  to  30 
minutes  before  sunrise,  aggregates  3,950  hours  per  year  in  New 
York  City  ;  the  aggregate  time  varies  slightly  with  latitude.  In 
the  so-called  moonlight  schedule  the  lamps  are  operated  about 
3,100  or  2,200  hours  per  year. 

134.  The  electric  lamp.  —  The  production  of  light  by  means  of 
the  electric  current  depends  upon  the  heating  by  the  current  of  a 
tortion   of  an    electric  circuit   to  incandescence,  and  the  electric 

nop  consists  essentially  of  an  element  which  is  so  heated,  and 
D  some  cases,  of  special  regulating  devices.     Electric  lamps  may 

•S*e  Blcclri.il!  EHgineer'i  Poctrt  Bf-li,  H,  A,  Foster,  D.  Van  Noslrond,  1903 
ihM  rftllonl,  for  infamiaiion  on  arc  lamps  and  011  arc-lighling  schedules,  pages 
93-403  and  4i4--t>-' 
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be  conveniently  classified  under  three  heads,  namcU",  (/j)  gli>w 
lamps,  in  which  the  heated  element  is  a  solid  electrical  conducitir 
in  tlic  form  of  a  rod  or  filament ;  (i)  vapor  lamps,  in  which  ihc 
light  is  given  off  by  a  highly  incandescent  or  luminescent  column 
of  vapor  through  which  the  electric  current  flows  ;  and  (c)  the 
ordinary  carbon-arc  lamp,  in  which  the  light  is  given  ofT  chiefly 
by  the  tips  of  the  carbons  which  arc  raised  to  an  extremely  high 
temperature  by  the  faintly  luminous  but  excessively  hot  column  \ 
of  conducting  vapor  between  them. 

Under  the  head  of  glow  lamps  are  included  the  or<Bnar>-  car- 
bon-filament lamp,  several  varieties  of  metal -filament  lamps,  and 
the  Nemst  lamp  in  which  the  glower  is  a  rod  of  porcelain -like 
material  made  of  a  mixture  of  the  rare  earths. 

Under  the  head  of  vapor  lamps  are  included  the  recent  t>'pes 
of  luminous-arc  lamps  in  which  the  electric  arc  is  charged  widl 
metallic  vapor  and  is  highly  luminous,  the  mercury-vapor  lamp, 
and  the  Geissler-tube  lamp  of  Macfarlane  Moore. 

135.  Lamp  efficiency.  —  In  practice  the  efficiency  of  a  lamp  is 
always  specified  by  giving  the  watts  consumed  in  the  lamp  per 
spherical -candle  of  light  flux  emitted.  Thus  the  carbon -filament 
glow  lamp  of  the  kind  that  is  at  present  most  widely  used  con- 
sumes about  3.6  watts  per  spherical-candle.  The  actual  efficiency 
of  a  lamp  is  of  course  the  ratio  of  the  light  energy  emitted  by  the 
lamp  to  the  totai  energy  supplied  to  the  lamp.  The  actual  effi- 
ciency is  the  greater  the  smaller  the  so-called  efficiency  in  watts 
consumed  per  spherical-candle. 

Angstrom  •  has  found  that  that  part  of  the  horizontal  radia- 
tion of  a  Hefner  lamp  which  lies  within  the  limits  of  the  visible 
spectrum  represents  a  flow  of  8.1  ergs  per  second  across  one 
square  centimeter  at  a  distance  of  one  meter  from  the  lamp,  so 
that  one  spherical-hefner  corresponds  to  a  flow  of  4,t  x  icx>*  x  8. 1 
ergs  per  second  or  0.102  watt  This  corresponds  to  o.  1 15  watt 
for  one  spherical-candle.  The  power  value  of  the  spherical- 
hefner  (or  candle)  depends,  however,  to  some  extent  upon  the 

•  PAjrtiMiK/n  Zriiuhti/I,  Vol.  Ill,,  p,  aS7i  i';oi. 
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»mposition  (color)  of  the  light  The  value  of  o.  1 1 3  watt  per 
pbcncal -candle  applies  to  the  orange -colored  light  from  the 
^cfnc^  lamp,  and  this  value  can  be  considered  only  as  an  approx- 
lation  to  ihc  [wwer  value  of  one  spherical -candle  of  yellowish 
ight,  or  of  pure  white  light,  or  of  bluish  light 

Taking  0.115  ^^^^  ^^  the  approximate  power  value  of  1 
pherical -candle,  it  follows  that  Uie  ordinary  carbon -filament 
glow  lamp  which  takes  3.6  watts  per  spherical-candle  (about  3,1 
Watts  per,  mean  horizontal  candle)  has  an  actual  efRdency  of 
ibout  3  per  cent,  an  ordinary  cnclosed-arc  lamp  which  takes  2.2 
h'stts  per  spherical -candle  has  an  actual  eKicicncy  of  about  5,2 
r  cc:nt,  a  luminous-arc  lamp  which  takes  i  .2  watts  per  sphcrical- 
caiidle  has  an  actual  efficiency  of  about  9.6  per  cent,  and  a  mcr- 
Cury-vapor  lamp  which  takes  0.6  watt  per  spherical-candle  has 
1  actual  efficiency  of  about  19.2  per  cent 
7%t  rkmHt^vnumin  of  rttiialion.  —  If  Ih*  lighi-giving  ctcmcnt  of  ■  lump  were 
CnnbirtD  In  llie  liwt  a{  nilialioii  vrhkli  ■]ipl)'  lo  an  itJrul  )i[>ck  htxly,  ihcn  tht 
FicirTicr  of  Ihe  Utop  woiilil  W  a  definile  ■nii  wrllknown  fmicliijn  of  Ihc  lempcrt- 
Tc*  of  Uic  clemcDl,  iniseiuiDg  wilh  ItiC  tcuipcralure  and  rochinB  aniailaiuui  ol  90 
95  per  cent,  it  *  lempcntiue  of  «boul  4600°  r.  This  t(rraper«lure  Is  far  groltr 
an  BUf  knovn  wlid  or  liquid  lubiuncc  cbu  stand. 

AH  iDlHtancei  dcpan  moce  or  icu  fiotn  the  luwi  of  ndiition  which  apply  lo  an 

ol  tiUck  body.     Thii  ii  cspK>Bll;r  ■)"!  caie  wilh  gasraus  autnlancet,  vnA  ihi  light 

of  Ihc  nKlialion  cmlltcil  tiy  such  9aln(anc«i  ii  not  a  well  defined  fancliim  uf 

idtcd,  the  Idea  oT  Irniiienlim  apjitici  ilrictly  to  aubslsncn  in 

onlj,  and  the  column  of  lumintJOFDi  vapor  in  a  mercury  vnpoc 

c,  cannot  be  uiil  to  have  any  trrnprnitar«  at  all,  ihal  ii  la  say,  Ihe 

of  the  TBput  nnild  not  \it  rrptoduci^d  \>j  nitinK  Ihc  vapui  lo  •nj' 

tciupctatuie  whalevec. 

Tlte  corbon-aic  lamp.  —  The  arc  lamp  is  the  earliest  form 

ric  lamp.     It  consists  of  two  carbon  rods  arranged  so  that 

electric  current  may  flow  from  the  one  to  the  other  forming 

'hat  b  called  an  electric  arc  between  them,  and  a  more  or  less 

itc  mechanism  for  mo^ng  one  or  both  of  the  carbon  rods 

as  to  keep  the  arc  fairly  steady.     The  electric  arc  consists  of 

A  *«7  fool  Tnimrf  of  Ihc  thrrmndynaniics  of  ihr  eltctrlc  lamp  k  eirrn  by  E. 

in  Uw  TrMiailUin  fflkr  .Imrri.aH  ElMraduatkat  &jci*tj.  Vol.  Vltt, 

S4J-««7,  1905. 
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a  coUimn  of  intensely  heated  vapor  which  comlucts  Ihe  elediic 
current  across  from  one  carbon  rod  lo  the  oUier, 

An  interior  \'icw  of  a  typical  direct -current  cnclosed-arc  lamp 
in  shown  in  Fig.  180,  and  tlie  same  lanip  is  shown  in  Fig.  181 
with  its  casing  and  outer  globe  corapktc.  This  lamp  is  desj^ed 
to  operate  across  constant-voltage  mains,  it  has  a  resistance  ccfl 
connected  in  series  with   tlie  arc,  and  the  arc  is  enclosed  in  a 


Fig.  lao. 
nearly  air-tight  bulb  of  thin  opal  glass  into  the  uids  of  m 
carbon  rods  project. 

The  mechanism  of  this  lamp  is  operated  by  a  plunger-4ypc 
eloctroinngnet  with  its  winding  in  series  wHth  the  aic.  The 
nllinK'-'''  "I"  t'''s  electromagnet  actuates  a  lever  to  which  is  fixed  a 
grips  the  upper  carbon.  When  I" 
lutch  lies  against  a  trigger  which 
jOWl  it  to  fall  and  m»ke  contact  with  the  lower  1 
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I  the  lamp  switch  is  closed  tlie  current  which  starts  to  flow 
B«'s  in  the  plunger  and  tlie  clutch  catches  the  carbon  and  lifts 
thus  forming  tlie  arc.  As  the  carbons  waste  away  by  com- 
stion  due  to  the  oxygen  of  the  air,  tlie  arc  lengthens  slightly, 
!  current  decreases  aiid  the  consequent  movement  of  the 
linger  lowers  the  upper  carbon  slowly.  When  the  limit  of  this 
hnward  movement  is  reached  the  clutch  touches  "the  trigger 
i  allows  the  carbon  to  fall  when  the  sudden  increase  of  current 
lU  the  plunger  and  lifts  the  carbon  again  as  at  the  start,  and 

on. 

The  alternating-current  arc  lamp  diflers  somewhat  from  the 
t:ct-currcnt  lamp,  as  explained  later. 

Arc  lamps  which  are  operated  in  series  by  a  constant  current, 
r  alternating,  have  a  more  complicated  mechanism  than 
>t  which  is  described  above.  The  actuating  electromagnet 
iially  has  two  windings,  one  of  which  is  in  series  with  the  arc 
d  the  other  is  shunted  across  the  arc,  and  a  device  called  a  cut- 

:  is  arranged  for  automatically  est.ablishing  a  by-pass  for  the 
;  when  the  carbons  arc  burned  out  or  when  the  lamp  gets 
t  of  order. 
The  operation  of  the   scries  arc   lamp  is  briefly  as  follows : 

i  first  rush  of  current  through  the  lamp  flows  almost  wholly 
rough  the  series  magnet-winding  and  the  tcndcncj-  of  this  cur- 
at is  to  sejiarate  the  carbons  more  and  more ;  but,  as  the 
rbons  separate,  a  larger  and  larger  current  flows  through  the 
unt  magnet-winding,  which,  by  opposing  llic  series  winding, 

I  a  limit  to  the  length  of  the  arc  Then  as  the  carbons  M'aste 
Wy  the  current  in  the  shunt  winding  still  further  increases, 
c  and  more  nearly  neutr.iUzing  the  scries  winding  and  allow- 
l  the  upper  carbon  to  move  slowly  downwards  until  finally  the 
tcb  which  grips  tlie  carbon  rod  is  released  by  a  trigger  and 
I  carixHi  falls  and  is  lifted  again  as  at  the  startj  and  so  on. 
:  is  a  variety  of  series  arc  lamp  mechanisms  and  the  above 

:ription  applies  to  the  arc  lamp  having  what  is  called  a  diflcr- 

al  actuating  magnet. 


n 
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137.  Volt-ampere  characteristics  of  the  elecuic  arc.*  —  The 
electric  arc,  whether  it  be  between  rods  of  pure  carbon,  or  rods 
of  carbon  impregnated  with  metallic  salts,  or  rods  of  metal 
always  has  this  property  that  the  greater  the  current  the  less  tlie  , 
voltage  across  the  arc,  except  when  the  arc  is  very  short.  Thus 
the  coordinates  of  the  curves  in  Figs.  182  and  183  give  some 
idea  of  the  relation  between  the  current  that  flows  in  an  arc  and 
the  voltage  across  the  arc.  The  exact  relation  between  current 
and  voltage  depends  upon  the  diameter  of  die  carbon  rods,  upon 
the  degree  of  purity  of  the  carbon,  upon  the  texture  of  the  car- 
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bon,  upon  the  freedom  of  circulation  of  the  surrounding  air,  and 
upon  the  nature  of  the  current  (direct  or  alternating),  but  the  re- 
lations shown  in  Figs.  1S3  and  183  are  typical.  The  numbers 
attached  to  the  various  curves  indicate  the  length  of  the  arc  in 
inches. 

When  the  current  flowing  in  an  arc  is  increased,  the  arc,  that 
is  to  say  the  conducting  column  of  heated  vapor,  increases  in  sec- 
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.Viil,  11., pp,  710-730,  ,Sl.  lauLi,  1904.      Also  see 
»  Bl'dratk-iiniiot  Se<itly,  Vol,  VH.,  pp.  391-399, 
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tional  area,  and  no  douBt  this  increase  in  sectional  area  has  to  do 
with  the  decreased  voltage  required  to  maintain  the  arc  with  in- 
creased current. 

When  the  current  becomes  very  large  the  arc  alters  greatly  in 
character,  emits  a  loud   hissing  noise,  and  constitutes  what  is 
called  a  hissing  arc.     The  transition  from  the  steady  arc  to  the 
hissing  arc  does  not  take  place  at  a  sharply  defined  value  of  the 
current ;  in  fact  tJie  arc  is  very  unstable  in  the  region  of  transi- 
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The  instalnlity  of  the  electric  arc  tstJu-k  uh  a 
from  constant-voltage  mains.  An  arc  camoi  "bt.  imri-yjjb*^'  be- 
tween carbon  rods  connected  to  constant-voha^c  232:25  ^>g<  a 
lesistance  is  connected  in  scries  %\Tth  t3ic  arc  Tbk  s  rairnt 
from  the  volt-ampere  characteristic  of  the  arc  a?  foUoTr? :  t"  ca 
could  ima^nne  an  arc  burning  steadily  berAees  cDostam-vc^ta^e 
mains^  then  a  shght  decrease  of  current  would  ^^rKs^zt.  a  coo- 
traction  of  the  arc  and  an  increased  voltage  would  be  required  to 
maintain  the  arc  ;  but  this  increased  voltage  would  not  be  forth- 
conu'n^  hence  the  current  would  continue  to  decrease  and  the  arc 
would  (H)  out  almost  instantly.  On  the  other  hand,  a  slight  in- 
crease of  current  would  produce  an  increase  in  the  sectional  area 
of  the  arc,  and  the  constant  voltage  would  be  more  than  sufficient 
to  maintain  the  arc,  hence  the  current  would  continue  to  increase, 
rising;  almost  instantly  to  an  excessively  large  value.  These 
changes  are  much  too  rapid  to  be  controlled  by  the  lamp  mechanism 
which  moves  the  carbon. 

If  a  resistance  is  connected  in  series  with  the  arc,  a  decrease  of 
curn-nt   lauscs  a  decrease  of  the  voltage-drop,    Ri^    in  the  re- 
sistance, and  an  increase  of  current  causes  an  increase  of  voltage- 
drop,  so  that,  if  the  resistance  is  sufficiently  large  the  change  of 
AV  will  overb.ilance  the  change  of  voltage  across  the  arc  due  to 
any  assumed   change  of  current,  and  the  arc  will  be  stable.     A 
resist. mce  must  always  be  connected  in  series   with  an  arc  lamp 
wliich  is  supplied  with  current  from  constant-voltage  mains.     A 
resistance  used  in  this  way  is  called  a  ballast.     When  an  arc  lamp 
is  operated  from   conslant-xoltagc  alternating-current  mains,  an 
inductance,  consisting  of  a  coil  of  wire  wound  on  a  laminated  iron 
core,    may  be  and   generally   is   used  as  a   ballast  instead  of  a 
resistance. 

When  arc  lamps  arc  connected  in  scries  and  supplied  with  cur- 
rent from  a  constant-current  generator  (or,  in  the  case  <:\  alter- 
nating current,  from  a  constant-current  transformer),  no  ballast 
need  be  "used. 

TJic  dircct-ciirreut  arc,  —  The  foregoing  paragraphs  ^c^'.y  in  a 
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icfal  way  to  both  direct-current  arcs  and  alternating-current 
5.  There  are,  however,  differences  between  direct -current  and 
Itcmating-current  arcs  which  are  of  considerable  practical  im- 
trtanctf.  In  a  direct-current  arc  the  jwsitive  carbon  becomes 
ightly  concave  and  the  negative  carbon  becomes  pointed,  as 
lowti  in  I'ig.  r84.  The  concave  end  of  the  positive  carbon  is 
Jled  the  crater,  it  is  excessively  hot,  and  it  emits  a  great  amount 
'  l^hL     The  point  of  the  negative  carbon  is  not  nearly  so  hot  as 


e  crater  so  that  it  emits  very  mucli  less  hglit,  and  the  column 
'  hot  conducting  vapor,  ihc  vac  itself,  emits  a  pale  violet  light. 
be  result  is  that  the  light  emitted  by  a  direct -current  arc  is  dis- 
ibulcd  as  indicated  by  the  curved  line  in  Fig.  1R4.  In  dlrcct- 
irrcnt  arc  lamps  the  upper  carbon  ts  generally  the  jx^silivc 
so  that  llie  greater  amount  of  light  may  be  thrown  dowii- 
wherc  it  14  needed.  The  direct-current  arc  lamp  which  is 
fn  iearch-lights  and  ppujecting  lanterns  is  arranged  as  shown 
r.   1 85. 
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The  positive  carbon  wastes  away  much  faster  than  the  negative 
carbon,  usually  about  twice  as  fast  This  is  due  largely  to  the 
higher  temperature  of  the  positive 
carbon  which  causes  it  to  be 
CmOtatiat  bumed  more  rapidly  by  the  oxy- 
gen of  the  air ;  and  it  is  partly 
due  to  something  akin  to  electro- 
lytic action  in  the  arc,  for  cailion 
is  carried  continuously  across  the 
arc  from  the  positive  carbon  to 
the  negative  carbon. 

The  direct-current  arc,  when  it 

is   operating    properly,   does  not 

make  very  much  noise,  although  the  pulsations  of  current  due  to 

the  passage  of  the  successive  segments  of  the  commutator  under 

the  dynamo  brushes  always  produce  an  audible  tone, 

T/ie  allcrnalin^-currfttt  arc.  — 
In  an  alternating-current  arc  the 
ends  of  the  carbons  are  heated 
nearly  to  the  same  extent,  the 
upper  carbon  being  perhaps  the 
hotter  of  the  two,  on  account  of 
the  upward  movement  of  the 
heated  air  and  \'apor.  The  re- 
sult is  that  light  is  emitted  about 
equally  from  the  ends  of  both  car- 
bons, and  the  light  is  distributed 
as  indicated  by  the  curved  line 
in  Fig.  i8(5. 

On  account  of  the  great  amount 
of    light  that  is   thrown  upwards   . 
by  an    alternating-current    arc    a  '"'*"  """■ 

reflector   is    usually   employed    witli    an    alternating-current   arc 
lamp  to  throw  the  light  downwards. 

The  light  emitted  by  an  alternating-current  arc  lamp  is  not 
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perfectly  continuous,  but  it  pulsates  with  the  rise  and  fall  of  the 
ilternating  current.     Ordinarily  these  rapid  pulsations  of  the  light 
jare  not  perceptible  unless  one  looks  at  a  moving  object  which  is 
lilluminated  by  the  lamp. 

The  two  carbons  of  an  alternating- current  arc  lamp  waste  away 
Lat  approximately  the  same   rate ;  the  upper  carbon,  however,  is 
P  always  consumed  a  little  more  rapidly  than  the  lower  carbon. 
The  alternating-current  arc  makes  a  loud  humming  noise  on 
account  of  the  repealed  heating  and  cooling  and  consequent  ex- 
pansion and  contraction  of  the  column  of  conducting  vapor. 

The  alternating- current  arc  is  much  more  unstable  than  the 
direct-current  arc.  because  the  alternating  current  passes  repeat- 
edly through  zero  value  and  therefore  the  conducting  column  of 
■  vapor  cools  slightly  and  the  next  pulse  of  current  encounters  at 
first  an  increased  resistance.  Cored  carbons  arc  therefore  gener- 
ally used  in  alternating -current  arc  lamps,  that  is  to  say,  carbons 
which  have  a  central  core  of  soft  carbon  slightly  impregnated 
with  metallic  salts,  the  vapors  of  which  are  good  electrical  con- 
ductors. The  metallic  vapors  from  cored  carbons  tend,  however, 
to  form  a  coating  on  the  bulb  of  enclosed  arc  lamps,  and  one 
cored  and  one  solid  carbon  are  therefore  generally  used  in  en- 
closed alternating-current  arc  lamps. 

The  instability  of  the  alternating-current  arc  is  very  great  at  low 
frequencies  on  account  of  the  longer  time  that  the  current  is  very 
small  before  and  after  each  reversal  of  current ;  in  fact,  it  is  not 
icasible  to  operate  alternating- current  arc  lamps  at  frequencies 
much  lower  than  about  60  cj'clcs  per  second. 

An  important  result  of  the  increase  of  the  resistance  of  the 
aJternating-current  arc  after  each  passage  of  the  current  through 
J  is  that  the  power  in  watts  deli\'ered  to  the  arc  is  less  than 
HI,  where  E  is  the  electromotive  force  across  the  arc  as  measured 
by  an  alternating-current  voltmeter,  and  /  is  the  current  as  meas- 
ired  by  an  alternating-current  ammeter.  In  fact,  the  power  is 
qual  to  pEI,  where  /,  which  is  less  than  unity,  is  wliat  is  called 
wer  /aclor  oi  the  arc.    Tile  value  of  [>  for  U\c  a,\.xe.'cxsasi\\.s>.- 
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current  arc  in  open  air  is  about  0.85  when  the  frequenqr  is  60 
cycles  per  second. 

Diffircncis  between  direct-current  afid  cdtemating-cMrrent  arc 
lamps,  —  The  differences  which  depend  upon  the  peculiarities 
of  the  direct-current  arc  and  the  alternating-current  arc  are 
described  above.  In  the  alternating-current  lamp  the  electro- 
magnet that  operates  the  lamp  mechanism  has  a  laminated  core, 
and  an  inductance  or  reactance  coil  is  used  instead  of  resistance 
as  a  ballast  when  the  lamp  is  connected  to  constant-voltage  mains. 

The  alternating-current  lamp  is  inherently  noisy.  The  noise 
of  the  arc  is,  however,  quite  effectually  smothered  by  the  bulb  of 
the  enclosed  arc  lamp.  The  rattling  noises  due  to  the  vibration 
of  the  cores  of  the  electromagnet  and  of  the  reactance  coil  may 
be  greatly  reduced  by  clamping  the  laminations  firmly  together, 
and  by  susjjending  the  electromagnet  on  supporting  springs  to 
prevent  the  transmission  of  its  vibrations  to  the  metal  case. 

The  slow  consumption  of  the  lower,  or  negative,  carbon  in  the 
direct-current  oncloscd-arc  lamp  causes  only  a  slight  downward 
displacement  o{  the  arc  as  the  lamp  continues  to  burn,  the  lower 
carbon  being  fixed  in  a  rigid  support.  The  approximately  equal 
rates  of  consumption  of  the  two  carbons  in  an  alternating-current 
cncloscd-arc  lamp,  on  the  other  hand,  causes  a  very  considerable 
downward  displacement  of  the  arc  as  the  lamp  continues  to  burn 
if  the  h^wer  carbon  is  held  in  a  rigid  support.  Therefore  the 
alternating-current  arc  lamp  must  have  either  a  mechanism  which 
feeds  both  carbons,  or  a  long  enclosing  bulb  so  that  after  the 
lamp  is  freshly  trimmed  a  considerable  downward  displacement 
of  the  arc  is  allowable. 

138.  Enclosed  arc  lamps  versus  open  arc  lamps.  —  A  large  item 
of  exi)cnse  in  the  maintenance  of  old  style  arc  lamps,  in  which  tlie 
arc  burns  in  the  open  air,  is  the  cost  of  the  frequent  trimming 
(after  about  eight  hours  burning)  necessitated  by  the  rapid  wast- 
ing awa}'  of  the  carbons.  This  item  of  expense  is  greatly  reduced 
by  the   use  of  enclosed  arc  lamps  which  require  trimming  after 

'Out  150  hours  burning. 
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T lie  development  of  the  enclosed  arc  lamp  was  due,  however, 
chtcH)'  to  the  attempt  U)  devise  an  arc  lamp  which  would  nperalc 
cffidcntly  across  standard  1  lo-volt  mains.  Ellident  operation  in 
thU  case  depends  ui)on  the  use  nf  a  long  arc  with  a  small  current 
so  that  the  greater  jjart  of  the  supply  voltage  may  be  expended 
ID  the  arc,  the  ballast  being  barclj-  Urge  enough  to  nuke  the  arc 
stable.  It  is  impossible  however  to  operate  a  long  low-currcnl 
arc  in  the  open  air,  because  such  an  arc  is  blown  out  by  the 
least  draft  of  cold  air ;  but  when  the  arc  is  enclosed  in  » 
nearly  air-tight  bulb  this  difficulty  is  avoided.  Thus  an  80-volt 
enclftscd  arc  may  be  satisfactorily  operated  across  1  lo-volt  mains 
I  scries  with  a  ballast  which  absorbs  about  30  volts,  and  a  i;o- 
ilt  enclosed  are  may  be  operated  satisfactorily  across  220-volt 
uns  in  scries  with  a  balla.st  which  absorbs  about  70  volts.  These 
[urcs  are  exemplified  in  commercial  enclosed  arc  lamps  for  1 10- 
dt  circuits  and  for  220-volt  circuits  respectively,  i  lo-volt  lamps 
rually  take  from  5;^  to  6'/,  amperes  and  220-volt  lamps 
iuolly  take  from  2  f^  to  3^^  amperes,  according  to  tlie  adjustment 
'  the  spring  which  opposes  the  pull  of  the  electromagnet  that 

tcs  the  lamp  mechanism. 
Another  ad\'antagc  of  enclosing  the  arc  of  a  lamp  is  that  the 
Dtse  of  tile  arc  is  thereby  muffled.     This  is  especial!)'  im|X>rtant 
'hen  alternating  current  is  used. 

The  cnclosed-arc  lamp  is  now  used  in  all  new  instalIation.s, 
KCept  those  in  which  the  luminous-arc  lamp  is  employed. 

Wrf  /ttiHfi  rating.  —  An  arc  lamp  should  be  rated  on  the  basis 
f  voltage,  current,  and  uatts.  In  fact  this  mode  of  rating  is 
illy  used  with  arc  lamps  of  recent  design,  such  as  enclosed- 
rc  bmp»  and  luminous-arc  lam[>9.  and  the  manufacturer  gener- 
lly  »pecifics  a  certain  consumption  of  watts  per  sphericaUcandle 
r  l^ht  emitted.  Old  st>-le  open  carbon-arc  lamps  have  however 
mg  been  rated  in  candle  power.  Thus  the  open  carbon-arc  lan^> 
has  47  volts  between  its  terminals  with  9.^1  amixtrcs  flowing 
Itrough  it  ha«  an  accepted  nominal  rating  of  2,000  candle  power, 
Ithough.at  a  matter  of  fact,  its  spherical -candle  power  is  about  700. 
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139.  Arc  lamp  globes,  shades,  and  difhisen The  old  styk 

open  arc  lamp  'is  always  provided  with  a  globe  to  shield  the  arc 
from  drafts  of  air  which  are  likely  to  blow  the  arc  out,  and  the 
hot  enclosing  bulb  of  an  enclosed  arc  lamp  is  usually  shielded 
from  gusts  of  cold  air  by  an  outer  globe  when  it  is  used  out  of 
doors.  Thus  Fig.  1 8 1  shows  an  enclosed  arc  lamp  with  a  clear 
glass  globe  for  protecting  the  enclosing  bulb. 

The  intense  brilliancy'  of  the  electric  arc  produces  a  glare  that 
is  ver)'  unpleasant,  even  when  an  arc  lamp  is  suspended  at  a  con- 
siderable height  overhead  out  of  doors.  Therefore  the  bulb  of 
an  enclosed  arc  lamp  is  nearly  al\\*ays  made  of  opal  glass,  and 
when  an  enclosed  arc  lamp  is  used  for  inside  Ughting  the  enclos- 
ing bulb  is  generally  surrounded  by  an  outer  opal  globe  or  shade 
for  still  further  reducing  the  glare.  Thus  Fig.  187  shows  an 
enclosed  arc  lamp  arranged  for  inside  lighting  with  a  shade 
underneath  the  enclosing  bulb  and  a  large  corrugated  diffuser 
above. 

I^imp  globes  are  used  not  only  to  protect  the  arc  and  to 
eliminate  glare,  but  also  to  throw  the  light  in  a  desired  direction.* 

140.  Series  grouping  of  arc  lamps  across  constant-Yoltage  mains. 
—  Where  se\eral  arc  lamps  are  to  be  o{>erated  continuously,  that 
is,  where  it  is  not  desired  to  turn  individual  lamps  olTand  on,  the 
lamps  may  b2  arran^^ed  in  series  groups  if  the  supply  voltaj^^e  is 
220  x'cjlts  or  more.  Thus  it  is  common  practice  to  operate  en- 
closed arc  lamps  in  series  groups  of  two,  across  220-volt  mains; 
and  in  series  ^^roups  of  fwc,  across  550-volt  mains.  In  such  cases 
it  i^  necessary,  because  of  the  constant-voltage  supply,  to  insert 
i>allast  resistance  in  circuit  to  steady  the  lamps  as  explained  in 
Art.  137.  l-'ailure  of  one  lamp  to  operate,  however,  breaks  the 
circuit  and  puts  the  entire  ^roup  of  lamps  out  of  service,  and  if  * 
such  a  result  is  to  be  a\oided  each  lamp  must  be  provided  with  an 
automatic   cut-out   arrani;ed  to    establish   a  by-pass   through  an 

*  All  cxlinii-tivc  serifs  of  expcritnental  studit-s  of  globes  and  reflectors  is  given  in  a 
pajH-r  (.'nlitlt-d  "A  I'liototnctiic  Conip.iriNon  of  Illuminating  Globes,"  by  K.  K.  Wil- 
liamson ami  J.  II.   Khnck,  ycarfid/  oj' //n-  I'ranklifi  Institute,  Vol.  I49,  p.  66,  190O. 
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kiivalcnt  rcsisUnce  whcii  the  lamp  fails  to  operate.  This  auto- 
ttic  cut-out,  together  with  the  resistance  whicli  it  substitutes  for 
!  lamp,  is  soracttmc.s  mounted  in  a  case  cntirclj'  sqiaratetl  from 
I  lamp  as  shown  in  Fig.  i  SS.  When  tlic  circuit  in  the  lamp  is 
■Dken,  for  example  by  ihc  failure  of  the  carbons  U)  feed,  the  cur 
lit  ceases  to  (low  and  the  cut-out  magnet  releases  its  armature 
llich  establishes  a  by-pass  through  the  substitute  resistance. 
JWhcn  very  many  lamps  are  opeiated  in  scries  the  automatic 
kt-out  is  a  necessity,  inasmuch  as  the  very  high  voltage  that  is 


J  in  this  case  would  be  Ukcly  to  force  the  current  through  an 
native  tamp,  especially  if  the  lamp  mechanism  includes  a 
Rint  winding  on  its  electro-magnet,  and  the  lamp  would  be  dc- 
^•ed. 
1 141-  CoBstant-caTTent  series  systems  of  arc  lighting.  —  Where 
:  lamps  arc  to  be  operated  continuously,  as  in  the  h'ght- 
r  of  city  streets,  it  is  best  to  connect  the  lamps  in  scries  and 
[Jy  them  with  constant  current.  Tliis  arrangement  is  cxcm- 
i  bymmierousold  style  direct -current  ojx-n-arc  street-light- 
l  plants  now  in  operation,  and  by  tlie  more  recently  installed 
I  u«ing  cncloscd-arc  lamps  or  luminous-arc  lam^s. 
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The  tendency  is  to  favor  the  use  of  alternating  current  for 
operating  street  lamps  for  the  reason  that  a  constant  current  can 
be  delivered  to  the  arc-lamp  circuit  through  a  special  transformer 
from  tlie  same  generator  that  supplies  a  constant-voltage  distrib- 
uting system,  whereas  the  use  of  direct  current  requires  a  separ- 
ate generator.  Fig.  1 89  is  a  view  of  the  Generial  Electric  Com- 
pany's constant-current  transformer  for  taking  a  varying  current 
from  constant-voltage  supply  mains  and  delivering  a  constant  cur- 


?  4^  9 


^^a*^ 


0^}f.cJ^ 


Fig.  188. 

rent  at  varying  voltage  to  a  receiving  circuit.  The  action  of  this 
transformer  is  discussed  in  the  second  volume  of  this  text. 

A  general  view  of  the  improved  *  Brush  direct-current  gene- 
rator for  supplying  constant  current  to  arc  lamps  is  shown  in  Fig. 
190. 

When  many  arc  lamps  are  operated  in  series  it  is  necessar)' 

*The  multi-circuit    Drush   generator,  w'//;/tr/V<;//  /f/c<7/*;Vm«,  Vol.    XI.,   pp.  436- 
437 1  September,  1899. 
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provide  each  lamp  with  an  autnmatic  by-pa.ss  cut-nut.  as  vx- 
I  Art.  140,  but  no  by-paas  or  ballast  resistances  are 
Also  when  many  lamps  are  operated  in  series  by  .1  con- 
int  current  the  electromagnet  which  operates  the  mechanism  of 
;h  lamp  must  have  a  shunt  winding  connected  across  tlie  arc 
well  ns  a  series  winding  in  circuit  with  the  arc. 
142.  Luminous-aic  lamps.*  —  The  light  from  the  carbon-arc 
Tijj  comes  mostly  from  the  intensely  heated  lips  of  the  carbons 


fid  the  arc  itself  emits  only  a  pale  violet  light.  The  use  of 
!  strongly  impregnated  with  metallic  salts,  or  the  use  of 
s  of  metal  or  of  metal  oxide  instead  of  carbon,  gives  an  arc 
hich  i«  charged  with  metal  vapor.  Such  arcs  arc  as  a  rule 
rilliantly  luminous,  and  an  arc  lamp  emp!<»ying  such  an  arc  is 
illcd  a  luminous-arc  lam^. 
"See  i«»|K»  tiy  C  P.  Sidniort*.  Tram.  lutrtnati<mal  Etettrital  Ceitfmi,  Vot, 
„ppk  7IO-730t  Si.   Lji'\  ■'f>ii   inJ  rIki  p«pn   liy  Amli*   Illomltl,  ri>/./., 


AL    ENGINEERING. 

:oii  - :  lamp  ff  that  a  dense  amoU 

.-,^i^n  and  oxkbtioi)  of  the  metallic 

\~.>,t  be  enclosed  and  the  lamp  rannot 

:  aivsma^  of  ^e  [msinous-arc  lamp  is  tts  hii^b 
iucft  X  tamp  coa-sumcs  fmtn  o.S  to   t.2  M*att  per 
E  of  ^ii£  ittm.  whereas  an  ordinary  enclosed  cat- 
's fiom  z^  ba  3. 2  watts  per  sphcrical-candlc. 


Jll  dkr  Iiimiiit>u5-arc  lamp  of  Bremer  the  arc  is  formed  betweoi 
.^^ju  ivJs  which  are  highly  imprei^atcd.  chiefly  witli  salB  of 
L     Tius  tamp  gives  a  brilliant  yellow  light  which  can  be 
J  jppruach,  a  pure  white  by  using  salts  of  other  ractaU. 
.f^.  ii,mtmiu-i-arc  lamp  of  the  General  Eledric  Company 
!  V-lween  a  negative  terminal  (cathode)  of  iina 
:l;vl'  terminal  (anode)  of  metal,  usually  coppei. 
-.  coalained  in  a,  tlUn  sheet-iron  lube  and  is  fed   ' 
„  tatlxm  rod  of  the  carbon-arc  lamp.     The  copper  anode 
ch  is  tuAd  in  a  rigid  support 
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143.  The  carboa-fllament  glow  lamp,  —  The  ordinary  incandes- 
mt  lamp  consists  of  a  fine  filament  of  carbon  mounted  in  a 
i^hly  exhausted  glass  bulb  through  the  walls  of  which  platinum 
tad-wires  are  sealed  for  connecting  the  carbon  filament  to  the  ' 
aipply  mains.  The  (low  of  current  through  the  filament  heats  it 
>  a  high  temperature  and  it  emits  a  steady  soft  light  that  is  well 
laptcd  to  inside  illumination. 

The  present  process  of  manufacture  is  briefly  as  follows  :  Clean 
lotion  fiber  is  dissolved  with  constant  stirring  in  an  aqueous 
lolution  of  dnc  chloride  forming  a  thick  syrup-like  fluid  which  is 
freed  from  lumps  by  filtering  and  from  bubbles  by  heating  nearly 
to  the  boiling  point  under  reduced  pressure.  This  fluid  is  then 
"squirted"  through  a  small  hole  and  the  small  gelatinous  rod 
9  received  in  alcohol  which  quickly  hardens  il  so  that  it  can  be 
thoroughly  washed  in  water,  wound  on  a  drum  and  dried.  The 
:sult  is  A  fairly  tough  wire  or  thread  of  pure  cellulose  having 
:  appearance  of  celluloid.  This  thread  is  cut  into  lengths, 
;  on  fomicrs  into  the  desired  shape  of  the  lamp  filament, 
packed  in  charcoal,  and  carbonized  in  a  furnace.  The  carbon- 
ized filaments  arc  then  mounted  on  the  platinum  lead-wires  and 
ficatcd  electrically  to  a  high  temperature  one  at  a  time  in  the  vapor 
of  a  hydrocarbon  such  as  gasolene.  The  hot  filament  decom- 
1  the  hydrocarbon  vnpot  and  causes  a  deposit  of  graphitic 
I  on  the  filament,  thus  increasing  the  size  of  the  filament 
[lightly  and  lowering  its  resistance  to  the  exact  value  desired, 
bis  pfxsccss  is  called  "  flasliing."  The  finished  filament  is  then 
iced  in  the  glass  bulb  which  is  exhausted  and  scaled.' 
The  resistance  of  the  carbon  filament  of  a  glow  lamp  is  about 
uIT  as  great  when  it  is  at  its  working  temperature  as  it  is  at 
!0°  C,  the  exact  amount  of  variation  depending  upon  the  amount 

*Sec  an  arlicle  <n   Incandocenl-Ump  manuCuturc,  liy  ilaaaiag  K.  Eyre,  TV 

irwW  Jinuaiy  5.  1895. 
A  lan^ifittl  procn*  of  iiiannF^irinn*  haa  reconll]'  been  ilareloprd  bj  tha  timenJ 
tCGbk  Caaipan;.      St*  a  |nprr  |jy  J.  W.  lluwcll,  '•  .\  Nrw  I'aitx)!)  Fllanwnl,"  ttmt 
riw  Aikiflk  CoamiStm  oi  ihr  Am.  Init.  of  F.lrctrlciil  EnEinrm,  Juiir,  1905,  i 
WpaUbihed  !■  nlauE  34  nf  ihc  rramaetii'Hi. 
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of  graphitic  carbon  that  is  deposited  upon  the  filament  by  the 
flashing  process.  Near  the  working  temperature  the  resistance 
of  the  filament  does  not  vary  greatly  with  temperature  and  the 
variation,  such  as  it  is,  may  be  an  increase  or  a  decrease  of  resis- 
tance with  rise  of  temperature  according  to  the  amount  of  carbon 
deposited  on  the  filament  by  the  flashing  process. 

144.  Relation  between  voltage,  candle-power,  efficiency  and  life 
of  carbon-filament  glow  lamps.  —  The  voltage  of  a  lamp  as 
specified  by  the  manufacturers  is  the  electromotive  force  which  it 
is  intended  should  be  applied  to  the  terminals  of  the  lamp  in 
service.  The  e fleet  on  the  lamp  of  increasing  or  decreasing  this 
electromotive  force  is  considered  in  this  article. 

CandlC'poivcr.  —  Owing  to  the  difficulty  *  of  measuring  the  true 
spherical -candle-power  of  a  lamp  it  is  customary  to  rate  glow 
lamps  on  their  mean  horizontal  candle-power,  that  is,  on  the 
candle-power  which  is  indicated  by  the  Bunsen  photometer  when 
the  lamp  is  rotated  about  a  vertical  axis  at  a  speed  of  three  or 
fiuir  rcx'ohitions  per  second.  Thus  the  curve  in  Fig.  175  repre- 
sents the  distribution  of  light  around  a  glow  lamp  of  which  the 
nican  horizontal  candle-power  is  16  and  of  which  the  true  spheri- 
eal  -eaiulle-})ower  is  13.33.  The  spherical -candle-power  of  a  glow 
lamp  is  usually  from  So  to  85  per  cent,  of  the  mean-horizontal 
vMiuile  power. 

/  ;';.  .\7.\  I .  —  The  etTiciency  of  an  electric  lamp  is  usually  speci- 
\wk\  h\'  i;ivini;"  the  watts  consumed  per  candle-power. f  The 
uMLil  elVkieiK)'  ratiiiL^^s  o{  carbon-filament  glow  lamps  range 
livMU  ;;.  I  to  ;.5  watts  per  mean  horizontal  candle.  High-efficiency 
luwp.  ^^K>\\  watts  per  candle'i  should  be  used  where  the  cost  of 
iw>\\v  I    is  lur.iu  anJ.  low-etTiciency  lamps  should  be  used  where 

|>x»\V  V  I    is   viUMp. 

M.  .  >\v>i  xli'ivO,!:  tv^  r.uwNure  true  spherical-candle-power  with  a  Matthews  inle- 
.  I  (11...  ,.'\x«,vn;i»  .X I  .  .i!'  •.v...'^.s;  .u'.v::c':>  ar.v:  .;..  i-irge  users  of  glow  lamps  should  use 
,ln    i'k.uvmuui    i;\.l   S-.;nx'  iV.e  i.i;:\4>»  v»:"  their  lamps  on  spherical -candle -power. 

I  '>v*    J.l^^o^^lv^;^  »»:   Iv;"/  c"\  u"x  \  .Kt  ,1  the  themiodvnamics  of  radiation  in  Art. 
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Ljft.  —  The  carbon  filament  of  a  glow  lamp  deteriorates  in  ser- 
vice, on  account  of  what  seems  to  be  a  vaporization  of  the  carbon, 
and  the  candle-power  and  efficiency  decrease.  The  falling  off  of 
candle-power  is  due  in  part  to  the  fact  that  as  the  lilamcnt  grows 
tmallvr  its  resistance  increases,  the  power  delivered  to  it  at  the 
staiKlard  voltage  is  reduced,  and  tlie  working  lfmj>eralure  is 
lowered  so  that  the  light  tends  to  become  red  instead  of  a  yel- 
lowish-white, and  it  is  due  in  part  to  the  blackening  of  the  bulb 
by  the  condensation  of  the  carbon  vapor.  The  falling  off  in  cffi- 
cicticy  is  due  partly  to  the  reduced  working  temperature  of  the 
filament  and  partly  to  the  absorption  of  light  by  the  blackened 
bulb. 

A  glow  lamp  frequently  becomes  very  dim  and  ineflicicnt  before 
tbe  filament  actually  breaks,  and  tt  is  usually  ad\'i5ablc  to  discard 
a  lamp  and  re]rfacc  it  by  a  new  one  when  the  candlc-powo-  has 
fiUlen  to  a  certain  fraction  of  its  initial  \  aluc.  The  useful  life  of  a 
glow  lamp  is  usually  reckoned  as  the  number  of  hours  of  actual 
j^'cc  that  the  tamp  will  stand  before  it.i  candle-power  drops  to 
)  per  cent  of  its  initial  value. 

The  changes  of  candle-power  and  efficiency  of  a  glow  lamp 
ith  tile  change  of  voltage  between  its  terminals  depend  to  some 
upon  the  nature  of  the  filament  {ratio  of  amount  of  carbon 
icposilcd  by  the  flashing  prt>ccss  to  the  .imount  of  carbon  in  the 
lent  before  Clashing);  and  the  change  of  life  with  the  change 
■  voltage  dci)cnds  u[x>n  the  si«;  of  the  filament  (low  candte- 
jwcr  with  given  voltage,  and  high  voltage  with  given  candle- 
iwer,  watts  jier  candle  being  constant,  mean  a  fine  filament). 
[owcver.  the  folli>wing  tabic  maj-  be  used  to  estimate  the  ap- 
noxitnate  N-ariation  of  candle- pon'cr,  efficiency,  and  life  of  any 
irdinary  carbiin-filamcnl  glow  lamp.  This  table  is  based  on  the 
idle-power,  too-  to  i33-volt  lamp  taking  3.1  watts  per 
indle,  and  giving  14.7  average  candle-power  during  it»  useful 
te  of  510  hours. 
It  b  to  be  noted  that  the  bnn'ng  oT  thin  table  on  the  3. 1  watt 
is  largely  a  matter  of  convenience.     In  fact  the  table  givt 


34^ 


ELEMENTS   OF   ELECTRICAL   ENGINEERING. 


the  details  of  behavior  of  lamps  ranging  from  4.39  watts  per  candle 
to  2.28  watts  per  candle. 

V.\RiATiox  OF  Candle-power,  Efficiency  and  Life,*  and 

Costs. 
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Life  of  3.1  wait-per-candle  lamp  is  510  hours. 

The  cost  per  hour  of  the  light  supplied  by  a  glow  lamp  includes 
the  cost  per  hour  of  the  electrical  power,  and  the  first  cost  of  the 
lamp  divided  by  the  life  of  the  lamp  in  hours.  Column  A  in  the 
above  table  is  the  cost  per  hour  of  the  power  for  i,ooo  candles; 
column  /?  gives  the  lamp  cost  multiplied  by  1,000 and  divided  by 
the  product  of  candle-power  and  life  in  hours;  and  column  Cgives 
the  total  cost  per  hour  of  i  ,000  candles.  In  calculating  these  costs 
electrical  power  is  reckoned  at  10  cents  per  kilowatt-hour,  the 
cost  of  a  16  candle-power  lamj)  is  taken  as  20  cents,  the  life  at 

*  From  General  Electric  Company,  Harrison,  X.  J.,  March,  1905.     Candle-powers 
is  table  are  mean  horizontal  candle-powers. 
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I  watta  per  caiitilc  is  taken  as  510  hours,  and  tlic  falling  off  of 
he  candlc-powcr  of  a  lamp  with  age  is  ignored.  Under  ihese 
londitions  the  total  cost  of  tlic  light  is  a  minimum  for  an  efficiency 
f  about  2.S  watts  per  candle  with  a  life  of  290  hours.  The  costs 
jivcn  in  the  above  tabic  take  no  account,  however,  of  the  trouble 
avolvcd  in  the  replacing  of  old  lamps  by  new  ones,  which  is 
ometimes  very  considerable,  and  therefore  the  most  satisfactory 
fficiency  is  somewhat  more  than  2.8  watts  per  candle. 

The  remarkable  propcrt)'  of  the  carbon -filament  glow  lamp,  as 
hown  in  the  above  table,  is  that  great  changes  of  candle-power, 
flficiency,  and  life  arc  produced  by  a  slight  change  of  volt^c. 
Hius  a  one  per  cent,  increase  of  voltage  steadily  maintained  causes 
I  five  per  cent  increase  of  candlc-powcr,  about  three  per  ccnL 
r  in  the  watts  per  candle,  and  about  twenty  per  cent 
bortcning  of  life.  It  is  this  great  sensitiveness  of  the  carbon- 
ilatncnt  glow  lamp  to  changes  of  voltage  that  makes  it  necessary 
o  avoid  great  changes  of  voltage  in  the  operation  of  such  Lamps. 

In  the  purchase  of  glow  lamps  the  purchaser  should  specify 
roltage,  candlc-fxjwer.  and  efficiency,  and  of  course  also  the  style 
if  base.  In  meeting  these  spccificaUons  tlie  manufacturer  must 
if  course  be  allowed  some  lec-way  for  it  is  impossible  to  make 

■ge  numbers  of  lamps  exactly  alike.     It  is  tlic  usual  practice  for 

e  manufacturer  to  submit  to  a  purchaser  a  package  of  200  lamps 
Bted  at  ll»e  desired  voltage,  candlc-powcr  and  efficiency.  The 
Hircha.4cr  may  Uien  select  at  random  from  tliis  package  ten  lamps 
p  be  tested  at  the  rated  voltage.  If  the  tests  show  tliat  any  one 
if  the  ten  lamps  gives  a  candlc-powcr  7.5  percent  al>ove  or  below 
he  rated  candle-power,  or  if  the  average  candle-power  of  the  ten 
kmps  is  more  than  2.5  {icr  cent,  above  or  below  the  rated  candlc- 
lon-er,  or  if  any  one  of  the  ten  lamps  consumes  more  than  5.5 
icr  cent  above  or  IjcIhw  the  rated  waiw,  or  if  the  average  con- 
Mtnptiun  of  the  ten  lamps  is  more  than  2.5  per  cent,  above  or 
telow  the  rated  watbt,  the  whole  package  of  200  lamps  nuiy  be 
igectcd  by  the  purchaser.  The  extent  to  which  the  individual 
I  in  a  lot  doiatc  from  rated  candle-power  and  watts  is  shown 
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by  Fig.  191  in  which  the  coordinates  of  the  dots  represent  the 
candle-power  and  watts  of  the  individual  lamps. 

149,  Metal-filament  glow  lamps.*  —  In  the  first  attempt  to  mabe 
a  commercial  glow  lamp  fine  platinum  wire  was  used  for  the 
lamp  filament  but  it  was  soon  found  that  the  filament  was  very 
short-lived  at  the  temperature  necessary  to  give  a  fairly  h%h 
eBiciciicy.     The  next  step  was  to  use  a  carbon  filament  and  from 
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,il...iit   rSSi  M  iDOO  the  carbon-filament  lamp  was  the  only  rival 

]i  Im-  liii-ri  t.xii;  known,  iKwever,  that  many  meta'.s  ra« 
lii:;li.  I  Ml.  Ititi;;  pi'hn-;  than  platinum,  some  of  them  vc:^- —■jcr. 
hi.;li,  I  ;  J-iil  llic  most  rcfractorj-  metals  are  extremely  brings  a: 
..iilin.u\  ii  m]'ri.ituiv<  .itul  the  ilifTlculty  of  forming  these  r-.e^I* 
iMl.'  (ill,-  wii.'.  pi,v.nl.-.I  llidr  iK'ing  even  tried  as  lamp  v'.^rr.^.zs. 
\..«,  U.-\\t\-i.  i-iiM-M-i  h.ivo  been  developed  for  the  ■'■:rrr^;-T. 

.  \   ■■     ■■.■■■    I  ■■   i.,.i,  ^.^TunIy  23,  1905.     lor  i    ;^-;...t 


rfinc  compact  filaments  or  the  most  refractory-  and  brittle  metals,  ' 

md  llicrc  are  now  on  the  market  tantalum -filament  glow  lamps 

ind  osmium-filament  glow  lamps.     These  lamp^  arc  characterized 

^  the  very  long  and  verj'  fine  filaments  required  even  for  vol- 

s  as  low  as  37  volts,  they  are  not  so  sensitive  to  changes  of 

oltagc  as  the  carbon-filament  glow  lamp  on  account  of  the  fairly 

I  increase  of  resistance  of  the  metaJ  filaments  with  rise  of 

mpcraturc,  and  they  can   be  operated  satisfactorily  at  a  higher 

ifficicncy  than   the   carbon -filament  glow  lamp.     The  osmium 

mp,  for  example,  can  be  operate*!  at   i.G  watts  per  spherical- 

andlc  uith  a  useful  life  of  1,^00  hours  or  more,  and  the  tanta- 

um  lamp  can  be  operated  at  1.6  watts  per  spherical -candle  with 

t  useful  life  of  goo  or  600  hours,     By  useful  life  is  meant  the 

imc  of  continuous  operation  before  the  candle-power  falls  bclow 

80  per  cent,  of  its  initial  value. 

146.  The  NeniBt  lamp.'  —  The  luminous  element  or  glower  of 
lie  Nernst  Ump  is  a  small  rod  of  porcelain-like  material  com- 
[I  of  a  mixture  of  the  oxides  of  the  metals  of  the  jttrium 
{roup.  This  rod  is  as  good  an  insulator  as  glass  or  porcelain  at 
f  temperatures  ;  like  glass  or  ix>rcelain  it  becomes  a  fairl)' 
[ood  conductor  ata  low  red  heat ;  and  its  resistance  decreases  very 
iDpidly  as  the  temperature  rises.  Therefore  the  glower  must  be 
J  to  a  low  red  heat  by  external  means  before  current  starts 
3  flow  through  it,  and  a  ballast  resistance  must  be  connected  in 
s  with  tlic  glower  to  prevent  the  current  from  ri.4ing  indcfi- 
litely  when  once  it  starts  to  flow.  The  initial  heating  of  the 
[lower  is  accomplished  by  a  fine  coil  of  platinum  wHre,  called  the 
"  heater,"  which  is  covered  with  a  protecting  [lastc  somewhat  sim- 
r  to  ordinary  whitewash,  and  when  tlie  current  starts  to  flow 
through  the  glower  it  actuates  an  electromagnet  which  breaks  the 
tcr  circuit.      The  ballast    is  made  of   very   fine   iron    wire 


•  A  fcn  diiBTKJtoo  or  Ihe  Setmt  Ump  i*  giiTn  by  A.  J.  Worti,  TtauaetitiM  »f 
Jm<H.vm  IiiitUiilr  at  FMtrLal  Emgimrt'i.  \(A.   XVIII,.  pp.  $4S'S8T.  "90''     ' 
The  pnKu*  of  manufactur*  vi  Iho  Nmiit  Ump  i»  4(MTihnJ  Id  71/  EbttriMl 
Kaprnffr,  Vol.  XUII.,  pp.  981-985,  Mayai,  1904. 
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mounted  in  a  sznall  glass  bulb  which  is  filled  with  inert  gas  to 
protect  the  iron  from  oxidation. 

The  Nemst  lamp  gi^.es  a  beautiful  white  light  and  its  efficiency 
is  claimed  to  be  greater  than  that  of  the  carbon -filament  glow 
lamp. 

147.  The  mercmy-Tapor  lamp.* — ^The  mercury-\^por  lamp  con- 
sists of  a  highly  exhausted  glass  tube  into  the  ends  of  which  are 
sealed  t»o  pladnum  lead- wires.  One  of  these  wires  carries  a 
large  electrode  (the  anode)  of  iron  or  graphite,  and  the  other 
makes  contact  vrith  a  pool  of  mercury  (the  cathode).  Either  a 
ver}*  high  electromotive  force  or  a  special  starting  device  is  re- 
quired to  start  a  current  flowing  through  the  tube,  but  when  once 
started  a  current  of  se\'eral  amperes,  is  maintained  by  an  electro- 
motive force  of  from  30  volts  to  1 00  volts  and  the  mercury  vapor 
throughout  the  tube  becomes  brilliantly  luminous.  The  mer- 
cury-x-apor  lamp  of  Cooper-Hewitt  is  started  by  tilting  the  glass 
tube,  thus  causing  the  mcrcur}*  to  extend  momentarily  from  end 
to  end,  and  the  current  which  starts  to  flow  through  tlie  fluid 
mercur\'  continues  to  flow  through  the  mercury  vapor  when  the 
thread  of  mcrcur\-  breaks.  It  is  necessary'  to  use  a  ballast  re- 
sistance in  series  with  the  lamp. 

The  mere ur\'- vapor  lamp  gives  a  light  which  is  deficient  in  the 
longer  wave-lengths  (red)  and  it  produces  an  unpleasant  distor- 
tion of  color  values.  It  is,  however,  the  best  source  of  artificial 
illumination  for  photograj)hic  purposes  and  it  is  used  extensively 
for  lighting  machine-shops,  ware-houses  and  drafting  rooms. 

*  ^f(:  vf)n  Recklinghausen,    Trnusactiofis  A.  I.  E.  ^.,  Vol.    XXTl.,  pp.   71-90; 

<  .  ]'.  "^!«!iiri;' '/,  7)i:u.'i  fi.fis  Int<r)uitional  Electrical  Congress,  Vol.  II.,  pp.  7 10- 
7^0,  >.t.  L'Aii-,  1904;  K.  Wcintraul),  Transactions  American  Electrochemical 
.,-'-/•/;',  V(^l.  \1I.,  j;|).  273-289,   1905. 


APPENDIX  A. 

ELECTKOMACNETS.     MAC.NETISM   OF    IKON. 

1.  Boncbed  windings  and  distributed  windings,  —  The  clcctro- 
ignct,  5uch  as  is  used  tnr  the  field  ma^jnet  of  a  dynamo,  con- 
s  of  a  rod  of  iron  surrounded  by  a  winding  of  insulated  wire, 
ough  which  an  electric  current  flows.     The  iron  n>d  is  called 

ftir/  of  the  electromagnet,  and  ihti  electric  current  which  flows 
Ou^i  the  winding  of  wire  is  called  the  txcitiitg  eam'Ht.  The 
ating  current  tends  to  produce  a  magnetic  flcld  in  the  r^'cm 
:u))ied  by  the  iron  core,  and  the  effect  of  tiiis  tnagnetising  fiehi, 
it  is  called,  is  to  magnetize  the  core  and  cause  a  certain  amount 
magnetic  flux  to  flow  through  it. 

The  iron  rod  or  core  usually  forms  a  complete  or  nearly  com- 
ic circuit,  called  a  mugnttic  cirnitt.  through  which  the  mag- 
ic flux  flows. 

Two  distinct  cases  occur  in  the  arrangement  of  the  windings 
trire  upon  the  iron  core  as  follows : 

|tf)  tlniftrmiy  dUtribuud  wintiing.  —  The  winding  of  wire  may 
di»tributed  uniformly  along  the  entire  length  of  the  iron  rod 

core  In  this  case  the  magnetic  field  which  the  winding 
ids  to  produce  in  tlic  region  occupied  hy  the  iron  core  has  scn- 
ly  the  same  value  at  e\'cry  point  in  the  rod  and  is  sensibly  par- 
d  lo  the  rod  at  each  point  The  magnetizing  action  of  such  a 
d  upcm  an  iron  rod  depends  simply  u{ion  the  intensity  of  tlte 
d.  Electromagnets  having  uniformly  di^rtnbuted  windings  arc 
U5cd  in  practice  except  in  the  magnetic  testing  of  iron,  for 
purpose  the  iron  to  be  touted  is  usually  made  into  a  test 

[,"  which  b  wound  uniformly  with  wire. 

TWi  ajiplic*  M  dw  twilivic  mciltod  of  milng  iron,  which  l>  due  Ij 
larhiB**  "■*">■''  I^mimi  fiicc*  iifiiDn  it  in  ibe  (tmn  rX%  lonK  Uim  lud. 
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(J))  Bunc/ud  zcinding,  —  The  winding  of  wire  may  be  bunched 
at  one  or  more  places  along  the  iron  core.  In  this  case  the  mag- 
netic field  which  the  winding  tends  to  produce  in  the  region  occu- 
pied by  the  iron  core  varies  greatly  in  intensity  from  point  to  point 
in  the  core,  and  the  direction  of  this  field  is  not  parallel  to  the  rod 
at  each  point.  The  magnetizing  action  of  such  a  field  upon  an 
iron  rod  is  discussed  in  the  next  article. 

Electromagnets  usually  have  bunched  windings. 

2.  The  magnetiziiig  action  of  a  bunched  winding.  Definition 
of  magnetomotive  force.  —  The  magnetizing  action  upon  an  iron 
rod  of  a  non-uniform  magnetic  field,  such  as  the  magnetic  field 
produced  by  a  bunched  winding,  depends  upon  the  average  value, 
along  the  rod,  of  the  component  of  tlu  magnetizing  field  parallel 
to  the  rod.  The  product  of  this  average  value,  into  the  length  of 
the  rod  is  called  the  magnetomotive  force  along  the  rod.     That  is : 

iF^lA  (i) 

in  which  c^  is  the  magnetomotive  force  along  a  rod  in  c.  g.  s. 
units,  /  is  the  length  of  the  rod  in  centimeters,  and  A  is  the  aver- 
age value  along  the  rod,  of  the  component  of  the  magnetizing 
field  parallel  to  the  rod.     The  rod  may  be  straight  or  curved. 

A  rod  passing  through  a  magnetic  field  determines  a  certain 
line  or  path  through  the  field,  and  we  speak  of  the  magnetomotive 
force  along  this  path,  whether  the  rod  is  there  or  not. 

3.  Proposition. —  The  magnctouiotivc  force  along  a  path  in  a 
magnetic  field  is  equal  to  the  luork  done  by  the  magnetic  field  upon 
a  unit  magnet  pole  z^^'hile  the  pole  is  made  to  travel  along  the  path, 
or;  the  magnetomotive  force  along  the  path  is  equal  to  W m 
where  \V  is  the  work  done  by  the  field  upon  a  pole  of  strength 
;//,  while  the  pole  is  made  to  travel  along  the  path.      That  is: 

cA=  (2) 

in  which  Sf  is  the  magnetomotive  force  along  a  path  in  a  magnetic 
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field,  and  IT  is  the  work  done  by  the  field  upon  a  pole  of  strength 
m  as  the  pole  travels  along  the  path. 

Proof. —  The  product  mA  is  the  average  value  along  the  jjath 
of  the  com)»onent  parallel  to  the  path  of  the  force  ,.»(=-■ /«Pf) 
with  which  the  field  acts  on  the  pole.  Therefore  tmA  is  the 
work  done  on  the  pole  by  the  field  as  the  pole  travels  from  one 
end  of  the  path  to  the  other.     That  is  ; 

W^lmA 

Diviiling  both  members  of  this  equation  by  i«.  and  rcmeraber- 
ing  that   lA  »■  ^  aceonling  to  etguation  ( i ),  we  have  equation  (2). 

The  lullowtng  diicnMJonoI  maKtirloRioItx  furcr  itbisnl  upim  llic  mrlhuil  nf  calcu- 
li 1«^  Tbc  u<nal  drlinitkcin  of  uiafieXimolivp  furce  along  ■  |wth  i>  thai  ll  li  Ihr  uvri 
■  ptr  uKif  fair  iliinr  by  ihe  mugrictlc  field 
^fvpoa  a  ma|{iiel  pule  which  li  calried  along 
m  paltl  Fram  thii  defioilioD  of  maBnclu 
Mi*e  farce  it  iDiy  lie  ihown  Ihai  the  mag* 
■OMMXln!  tatix  along  a  path  ii  pqual  to  thi 
tf  imttgrai  pf  tkt  magtirlit  fiflJ  along  the 
lh|Uf)llow(i  Consider  an  rlrmrnt  .i/of 
P^  H^-  i^K-  ■'  '-^l  ^  re|irr<iriil  the 
Itaimlly  uflhr  mij[nrlic  Add  il  lhi>  element 
4  •  (he  ingtr  tirtiiicen  PT  and  ,1/.  Thra 
t  co<apoD«iI  ofXpuwIlel  lo  itl  a  Pfcot  i. 
It  •  masnel  (at  pole  of  ilrenglh  n  be 
ntd  ah>Dg    A/.      Ilie  lum-  with  which  ihe 

■Kiietic  field  «cli  upon  [h>>  t-ili*  i<  m9(.  and  p,      , 

B  cempaovnl  of  thii   linve   jurallel  In   .1/ 

oX'nnr,     wlhit     mX^-m-^ll    t>   the  Work    :^W    done   hy  the   field  on  lb« 
le  H  Ihe  pole  movci  along     iJ.     That  ia  : 


AII'aofJI'R. 


■i/ 


I  dw  total   work   ilnne 


'■•  lt*ld  cm  the  pole  while  the  pole  ii  moved  along  the 
=  9=  l^roai    A/ 


Tbc  ana  ZJtTcm  A/  Kiatlcd  Ihr  line  iniegral  of  the  r&Bcnclk  field  al 
ih  /f'.  The  qaoliau  Xffoa*r -Jkt-t- t  is  Ihe  arerage  value  along  the 
aiot  X  parallel  lo  (he  (Mth,  /  bdog  the  lerocib  o(  the  path. 
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4.  Magnetomotive  force  of  a  coil.  —  The  most  important  case  of 
magnetization  of  an  iron  rod  or  core  by  a  bunched  winding  of 
wire  is  the  case  in  which  the  core  is  in  the  form  of  an  endless  rod 
which  passes  through,  or  links  Avith,  the  coil  as  shown  in  Fig.  2. 
The  magnetomotive  force  along  the  rod  in  this  case  is  entirely 


'QNRO' 


Fie.  2. 


Fig.  3. 


independent  of  the  shape  and  length  of  the  rod  and  of  the 
shape  and  size  of  the  coil.  //  depends  only  upoji  the  nuinbtr  of 
turns  of  li'ire  in  the  coil  and  upon  the  strength  of  the  current  in  the 
zi'ire. 

This  magnetomotive  force  along  an  endless  rod  which  links 
with  a  coil  of  wire  in  which  an  electric  current  is  flowing,  is  called 
the  viagnctoniotive  force  of  the  coil. 

Examples.  —  Fig.  3  shows  a  two-pole  dynamo  with  two  field 
coils  ZZ.  The  field  magnet  iron  of  this  dyiiamo  togetlier 
with  the  iron  of  the  armature  constitute  a  nearly  endless  rod  or 
core  of  iron  which  links  with  both  field  coils,  and  which  consti- 
tutes what  is  called  the  magnetic  circuit  of  the  dynamo. 

Fig.  4  is  a  sketch  of  a  four-pole  dynamo  with  four  field  coils 
ZZZZ.  The  iron  of  the  field  magnet  and  armature  presents 
in  this  case  four  distinct  magnetic  circuits,  as  indicated  by  the 
dotted  lines.  Through  each  of  these  magnetic  circuits  flux  is 
forced  by  the  combined  magnetomotive  force  of  the  two  field 
coils  through  which  the  circuit  passes,  that  is,  with  which  it 
links. 
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The  total  magnetomotive  force  acting  on  any  magnetic  circuit 
is  equal  to  the  sum  of  the  magnetomotive  forces  of  the  coils 
with  which  the  circuit  links. 

It  is  instructive  to  inspect  Figs.  32-39,  Chap.  II.,  and  note 
the  manner  in  which  the  field  coils  link  with  the  various  mag- 
netic circuits.     Thus  in  Fig.  33  each  of  the  four  magnetic  circuits 


Fig.  4. 

links  with  two  field  coils,  and  if,  for  example,  5.000  ampere-tums 
are  required  for  each  magnetic  circuit,  then  2.500  ami)ere-turns 
must  be  furnished  by  each  field  coil.  On  the  other  hand  an  in- 
spection of  Fig.  38  shows  that  each  of  the  six  magnetic  circuits 
links  with  but  one  field  coil,  and  if  5.000  ampere-turns  are  re- 
quired for  each  magnetic  circuit,  then  5,000  amjx:re-turns  must 
be  furnished  bv  each  field  coil. 

5.  Proposition.  —  The  magnetomotive  foree  of  a  eoil  is  given  hy 
the  equation  : 

in  which  Z  is  the  number  of  turns  of  wire  in  the  coil  and  /  is  the 

*  For  proof  of  this  et{uation  see  Nich«»ls  and  Fianklin's  E^mntt^  of  Phvii,  f.Vol. 
II.,  p    122. 
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strength  of  the  current  in  the  wire  in  abamperes.     When  the 
current  is  expressed  in  amperes  we  have : 

lO  ^ 

6.  Units  of  magnetomotive  force. — The  product,  /<5f,  of  the  length 
of  path  in  centimeters  and  intensity  of  magnetic  field  in  gausses, 
gives  the  magnetomotive  force  along  the  path  (when  /  and  oVare 
parallel,  of  course)  in  c.g.s.  units.  The  name  gilbert  has  been 
adopted  by  the  American  Institute  of  Electrical  Engineers  for 
the  c.g.s.  unit  of  magnetomotive  force. 

The  ampere-turn,  —  The  magnetomotive  force  along  a  path 
which  links  with  one  turn  of  wire  carrying  one  ampere  of  current 
is  called  one  ampere-turn.  The  magnetomotive  force  of  any  coil, 
in  ampere-turns,  is  equal  to  the  product  of  the  current  flowing  in 
the  coil  in  amperes  multiplied  by  the  number  of  turns  of  wire  in 
the  coil.  In  magnetic  calculations  it  is  usually  convenient  to 
reduce  ampere-turns  of  magnetomotive  force  to  c.g.s.  units  (gil- 
berts), which  is  done  by  multiplying  ampere-turns  by  4'7r  lo, 
according  to  equation  (3/^). 

The  product  of  field  intensity  into  length  of  path  gives  mag- 
netomotive force,  so  that  the  quotient  obtained  by  dividing  mag- 
netomotive force  by  length  of  path  is  field  intensity.  When  a 
magnetomotive  force  expressed  in  ampere  turns  is  divided  by 
length  of  path  we  have  a  magnetic  field  intensity  expressed  in 
ampere-iurns-per-ccntimctcr^  or  in  ampere-turns-per-iftch,  as  the 
case  may  be. 

7.  Magnetizing  force  in  iron.  —  When  an  iron  rod  is  placed  in 
a  magnetic  field  and  is  magnetized  thereby,  the  actual  magnetic 
field  along  the  rod  depends  upon  the  cause  of  the  original  field 
and  also  upon  the  newly  created  magnetic  poles  of  the  rod  itself. 
Thus  when  an  iron  rod  is  placed  in  a  coil  of  wire  through  which 
an  electric  current  is  flowing,  the  field  along  the  rod  is  due  to  the 
combined  action  of  the  coil  and  the  poles  of  the  red. 


The  magnetizing  force  if  at  a  given  point  in  an  iron  rod  is  dc- 
ined  as  the  resultant  field  intensity  at  the  point  due  not  only  to 
be  external  cause  of  the  original  field,  but  also  to  the  newly  cre- 
Ited  magnetic  poles  of  the  rod.  The  given  point  must  be  as- 
sumed to  be  in  air  as  explained  later. 

This  influence  of  the  poles  of  a  magnetized  rod  is  always  such 
s  to  reduce  the  intensity  of  the  original  field  along  the  rod,  and 
t  is  of  the  nature  of  a  reaction  of  the  (nagnctized  rod  upon  the 
original  field. 

When  the  iron  rod  is  slim  its  poles  are  weak,  and  if  the  rod  is 
long  its  poles  are  at  considerable  distances  from  the  middle  por- 
tions of  the  rod.  In  this  case  the  poles  of  the  rod  do  not  pro- 
duce any  appreciable  weakening  of  the  original  field  along  the 
middle  portions  of  the  rod. 

When  the  iron  rod  is  in  the  form  of  a  ring  which  is  magnetized 
Jby  a  winding  of  wire  distributed  around  the  ring,  then  the  rod 
has  no  poles  and  consequently  no  demagnetizing  action  on 
^elf  That  is  to  say,  the  magnetic  field  produced  by  the  wind- 
ing of  wire  is  in  this  case  wholly  effective  in  magnetizing  the 
rod. 

Example.  —  An  iron  rod  20  centimeters  long  is  placed  in  a  mag- 
netic field  which,  but  for  the  presence  of  the  rod,  would  be  a  uni- 
form magnetic  field  of  60  units  intensity,  the  rod  being  parallel  to 
the  direction  of  this  field.  Let  us  suppose  that  the  rod  becomes 
magnetized  to  such  a  degree  that  the  strengths  of  the  poles  at 
the  ends  of  the  rod  are  +  2,700  units  and  —  2,700  units  re- 
j^ctively.  In  this  case  a  point  near  the  middle  of  the  rod  is  ap- 
proximately 10  centimeters  distant  from  each  of  the  poles,  and 
^e  actual  field,  cV,  near  the  middle  of  the  rod  may  be  thought  of 
\  made  up  of  three  parts,  namely,  (rt)  the  original  field  of  60 
inits  intensity  which  is  directed  towards  the  N  pole  of  the  rod, 
■^)  the  field  of  3,700/10'  units  intensity  due  to  the  N  pole  of  the 
I  and  directed  a4vay  from  the  N  pole,  and  {c)  the  field  of 
\jyoaj\&  units  intensity  due  to  the  S  pole  of  the  rod  and  directed 
ITWards  the  S  pole.     Therefore  the  net  result  is  a  field  oC  m 
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the  intensity  near  the  middle  of  the  rod  is  60-27—27  units,  or 
6  units. 

A  clear  idea  of  the  significance  of  magnetizing  force  at  a  point 
in  iron,  as  above  defined,  may  be  obtained  as  follows : 

Figs.  5,  6  and  7  show  an  iron  rod  inside  of  a  long  coil  of 
wire.     The  magnetizing  field  at  the  point  /,  Fig.  5,  is  defined  as 


Coil 


S      JA- 


J{' 


N 


Iron  rod 


Fig.  5. 


CoU 


the  resultant  field  which  would  be  produced  at  /  by  the  combined 
action  of  the  coil  and  of  the  poles  iVand  S  of  the  rod.  The 
field  which  would  be  produced  at  /  by  the  coil  alone  is  repre- 
sented by  the  arrow  cV',  the  field  which  would  be  produced  at  / 
by  the  poles  N  and  5  alone,  is  represented  by  the  arrow  c^"",  and 
the  magnetizing  field  at  />  is  the  resultant  of  cV  and  c^". 

The  fundamental  definition  of  the  intensity  of  a  magnetic  field 
at  a  point  as  the  force  in  dynes  zchich  ivould  act  upon  a  unit 
test  pole  placed  at  the  point,  has  no  meaning  unless  it  is  possible 
to  place  the  test  pole  at  the  point,  that  is  to  say,  the  point  must 
be  in  air.  But  if  a  cavity  is  made  around  the  point  /  as  shown 
by  the  dotted  circle  in   Fig.  6,  the  walls  of  this  cavity  will  be 
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Iron  rod 


CoU 


Fig.  6. 


gnet  poles  as  indicated  by  the  letters    ;/,  s,    and  the  field  in- 

ity  in  this  cavity  will  not  be  that  which  is  due  merely  to  the 

*ned  action  of  the  coil  and  poles  JV  and  S.     If,  however, 


e  cavity  around  /  is  very  long  and  narrow  as  shown  in  Fig,  7, 
hen  the  polcti  a  and  s  at  the  ends  of  this  ca\ity  are  it'cak  and 

r  away  from  /,  so  tliat  these  ]X)l(.-s  n  and  s  do  not  produce  at  / 
my  i>crcfptible  field,  and  thcrcr'ire  tlie  field  intensity  in  the  nar- 
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ow  longitudinnl  cavity  shown  in  Fig.  7  is  the  resultant  of  PC 
ind  »V  of  Fig.  5.  That  is,  the  field  intensity  in  a  narrow  longi- 
lufinal  *  cavity  is  the  actual  value  of  the  magnetizing  field  in 

8.  Intensity  of  magnetization.  —  Ixt  w  be  the  strength  of  the 

magnetic  pole  at  the  end  .jf  a  magnetized  iron  rod  of  which  the 

lectional  area  is  s  square  centimeters.     The  pole  strength  i>er 

liut  sectional  area,  namely   »«/i,  is  called  the  inUnsify  of  mugnel- 

nHan,  3,  of  the  rod.     That  is : 

-^=  '"  (4) 

B.  Kagutlc  flux  through  a  magnetlEed  rod,  —  Consider  a  long 
Ibn  iron  rod,  &  square  centimeters  in  sectional  area,  placed  in 
rid  panUIcI  to  a  m.ignelic  field,  which,  but  for  the  prcKncc  of 
le  rod,  would  be  a  uniform  magnetic  field  of  intensity  PC.  Then 
te  actual  intensity  of  the  magnetizing  force  along  the  middle  por- 
ons  of  the  rod  is  Pf,  as  explained  in  Art.  7.  Tlie  magnetic  field 
I  llie  neighborhood  of  each  end  of  the  rod  b  a  composite  field 

hich  tR  the  resultant  «f  two  distinct  parts,  a  and  b ;  and  the  mag- 
ctk  flux  wliich  comes  up  to  one  end  of  the  rod,  (lows  through 
ic  rod,  and  passes  out  from  the  other  end  of  the  rod,  consists  of 
vn  distinct  partx  corresponding  to  the  two  parts,  a  and  b,  of  the 
eld  near  the  endit  of  the  rod. 

*l%Mlld  la  the  lirrFttkin  oF  magnclinlion  of  tb<  iron. 
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{a)  The  part  a  is  the  original  uniform  field  9(.  The  lines  of 
force  of  this  field  are  shown  by  the  parallel  straight  lines  in  Fig.  8. 
The  amount  of  magnetic  flux  which  passes  out  from  the  end  of 
the  rod  because  of  this  uniform  field  cK  is    9(s   lines. 


Fig.  8. 

{b)  The  part  b  is  the  magnetic  field  due  to  the  pole  m  of  the  rod 
The  lines  of  force  of  this  field  are  shown  by  the  radiating  straight 
lines  in  Fig.  8.  The  amount  of  magnetic  flux  which  passes  out 
from  the  end  of  the  rod  because  of  this  field  is  47r;;/  lines,  as 
explained  in  Art.  7,  Chapter  I. 

The  total  magnetic  flux  4>  passing  through  the  rod  is  equal  to 
the  sum  of  the  two  parts,  a  and  ^,  so  that  we  have : 


4>  =  47r;;/  +  cKs 
or,  since    ;;/  =  ds  from  equation  (4),  we  have  : 

*  =  47r.%  -f  9{s 


(5) 


(6) 


The  part  477;//  or  ^.ttS^s  of  the  flux  through  an  iron  rod  is 
due  to  the  magnetized  condition  of  the  rod,  and  the  part  ^s  is 
due  to  the  magnetizing  force  directly.  This  part,  9{s,  is  the 
amount  of  flux  which  would  pass  through  the  region  occupied  by 
the  rod  if  the  rod  were  removed. 
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10.  Flux  density  in  iron.*  —  The  nugncticflux  per  unit  sec- 
tional area  of  an  iron  rod,  namely  'P  s,  is  called  the  Jfux  i/fvsity 
J6  in  the  rod.     That  is : 


(T) 


Substituting    i6s   for  4*  in  equation  (6)  we  have : 
«  -  4.-.1  +  .V 


(8) 

The  flux  density  in  an  iron  rod  is  equal  to  the  intensity  of  the 
magnetic  field  in  a  thin  crevasse  cut  across  the  rod.  This  is  evi- 
dent when  we  consider  in  the  first  place  that  flux  density  in  air  is 
identically  the  same  tiling  as  field  intcnsitj-  according  to  Art.  6, 
Chap.  I,  and  in  the  second  place  tliat  a  very  LhJn  crevasse  does  not 
isibly  disarrange  the  flux  through  a  rod,  so  that  the  flux  dcnsit}* 
the  crevasse  is  the  sanie  as  in  the  rod.  If  the  crevasse  is  not 
narrow,  a  portion  of  the  flux  passes  out  of  tlic  rod.  around  the 
ircvassc,  and  back  into  the  rod  again.  In  tliis  case  the  flux  dcn- 
■ty,  or  field  intensity  in  the  crevasse,  is  less  than  the  flux  density 
D  the  part  of  the  rod  which  ts  remote  from  the  crevasse. 
11.  Residoal  magnetism.  Permanent  magnets.  — An  iron  rod 
tains  a  |K>rtif>n  of  its  nrngnL-tisni  ivhcti  it  is  removed  from  the 
iia];ne6c  field  in  which  it  has  been  magnetised,  or,  in  case  of  an 
dcctromagnet,  when  the  magnetizing  current  is  reduced  to  zero. 
The  magnetism  thus  left  in  a  bar  of  iron,  or  in  an  electromagnet,  is 
r€sidttai  magHetistn.  A  long  slim  bar.  or  a  bar  which 
rms  a  closed  or  nearly  closed  magnetic  circuit,  retains  a  greater 
irtion  of  tt5  magnetism  than  a  short  thick  bar.  because  of  the 
that  in  ca^e  of  a  short  thicV  bar  the  poles  pn)duce  a  strong 
kniagnetizing  field  along  the  bar.  A  lung  slim  bar  or  a  closed 
ag  of  annealed  wrought  iron  may  retain  as  much  as  90  per 
sit  of  its  m.ignetism,  but  a  very  weak  demagnetiiang  field  or 
alight  mechanical  shock  is  sufficient  to  cause  sof^  iron  toto^e 
garly  all  of  its  residual  magnetism.     Cast  iron  and  hard-dratvn 

*  VWiitwntl]'  oiled  mag»tH<  in4utti*ii  or  i>ia|9ly  mJaaum. 
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iron  wire  retain  a  smaller  portion  of  their  magnetism,  but  with 
greater  persistence,  and  hardened  steel  retains  a  portion  cf  its 
magnetism  very  persistently,  even  when  roughly  handled,  ilag- 
netized  bars  of  hardened  steel  are  called  permanent  vja^rtets. 

The  iwoYQ  persistently  a  sample  of  iron  or  steel  retains  its  resid- 
ual magnetism,  the  greater  the  intensity  of  the  magnetizing  ft»rce 
required  to  magnetize  it.  Thus  hardened  bars  of  steel  are  mag- 
netized by  placing  them  between  the  poles  of  a  strong  electr«> 
magnet  or  by  placing  them  in  a  coil  of  wire  through  which  a 
stroniT  electric  current  is  caused  to  flow. 

On  account  of  the  tendency  of  iron  to  retain  its  magnetism,  the 
quantity  c^  in  equation  (6)  is  not  m  general  parallel  to  the  magne- 
tizing field  9i\  and  the  addition  of  ^ird  and  cV  is  strictly  a  vec- 
tor addition.  Ilowever,  the  tendency  of  iron  to  retain  its  mag- 
netism is  usually  neglected  in  practical  magnetic  calculations 
relating  to  electromagnets.  To  neglect  the  tendency  of  iron  to 
retain  its  magnetism,  is  e(}ui\'alent  to  assuming  that  w*<^,  Sf  and  zH 
are  al\va\'s  parallel  t(.)  each  other. 

The  one  case  in  which  the  tendency  of  iron  to  retain  its  mac;- 
netisni  is  con-^idered  in  practical  calculations  of  electromagnets  is 
in  the  calcul.ition  (»rener;4\'  losses  in  the  iron.  This  calculation 
is  discussed  in  the  articles  on  nia-jnetic  hvsteresis. 

12.  Magnetization  curves.  —  When  an  iron  rod  is  acted  ujx^n 
1)\'  a  niaL-neti/ini:  f^rrr  of  ^i\en  intensitv,  the  intensity  of  ma""- 
neti/ation  of  the  n»d  (and  aKo  the  llux  density  m  the  rod)  may 
ha\'e  any  value  whatever,  between  certain  limits,  on  account  of 
the  ten<lenc\'  nf  the  in»n  to  retain  it^  j)re\ious  magnetic  state. 
Thii^  the  inten^it\'  of  nia''neti/.ati««n  (»f  an  iron  rod  is  much  i:reatcr 
f  )r  a  L-iven  value  of  cH\  if  this  ''iven  value  of  cX  is  reached  hv  a 
decrease  from  a  higher  \alue,  than  if  this  given  value  of  cH  is 
reached  1>\'  an  increase  from  a  lower  \alue. 

If,  howe\er,  an  iron  rod  is  subjected  to  mechanical  shocks,  or 
if  the  magnetizing  field  pulsates  slightly  before  it  settles  to  a 
steady  value,  then  the  rod  tends  to  settle  to  a  state  which  depen.'s 
only  on  the  value  of  9i\  that  is,  to  a  .state  which  is  indepenJe:  t 
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the  previous  magnetic  slate  of  the  rod.     Under  tlicse  condi- 

i,  thcrdbrc,  definite  values  of  ."^  and  3  are  produced  by  a 

n  value  of  ;V.      These  values  are  called  the  norfital  valuts' 

J9  and  9  corresixinding  to  the  given  value  of  .V.     For  exam- 

:,  a  dynamo  having  a  given  exciting  current  in  its  field  coils, 

hds  to  settle  to  a  iitate  in  which  the  magnetization  of  its  field 

Bgnct  is  the  normal  value  corrcs[xinding  to  the  given  value  of 

field  current,  on  account  of  the  mechanical  vibrations  of  the 

ichinc  and   on  account  of  slight  variations  of  magnetizing 

I  due  to  slight  changes  of  field  current  and  of  armature 

The  normal  9  and  5(  cun-e.^  —  The  curve  of  which  the  ab- 
B  represent  values  of  magnctiiing  force  cVand  the  ordinates 
fnt  the  corresponding  normal  values  of  cJ  for  a  given  Icind 
'  Iron  or  steel  is  called  tlie  normal  3  and  cV  cune  of  the  iron  or 
Fig.  9  shows  the  normal  3  and  iX  curves  for  ordinary  an- 
Kilcd  wrought  iron  and  for  ordinary  cast  iron.     The  intensity 
nu^netization,   P,  approaches  a  definite  limiting  value  in  a 
a  kind  of  iron  when  ^'  is  increased  indefinitely.     This  Hmit- 
g,  or  siatuTation,  value  of  ?  is  about  i  .730  units  pole  per  square 
ntiinctcr  of  sectional  area  for  annealed  wrought  iron,  and  about 
250  units  pole  per  square  ccntimcler  sectional  area  for  ordinary 
t  iron. 

T/iemffnnal  SS  ««</  Pfmnv. — The  curve  of  which  the  abscisssit 
present  values  of  magnetizing  force  cK  and  the  ortiinatcs  reprc- 
nt  ihc  corresponding  normal  values  of  ^  for  a  given  kind  of 
r  steel,  is  called  the  normal  IS  and  jVcur\'e  of  the  iron  or 
Fig.  10  shows  the  normal  iS  and  Pf  curves  for  annealed 
rought  iron  and  for  ordinary  ca.st  iron.  The  value  of  3&  in- 
s  indefinitely  in  a  given  sample  of  iron  when  PC  is  increased 
definitely. 

*A  notaul  cuTvcof  itugBfUntKin  nf  iron.     W.  S.   Ftmnlilin  and  S.   i  Oath. 
^tk^Ktrinn.  V«l,  VIII,.  p^i.  jia*-3og, 

f  Hnbdi  for  dcltrininini;  lh**r  curvet  nprtiniciiMlly  air  cxiililntil  In  NlchoU 
Elf^rMlt  tf  Fkytictt  Vnt.  II..  pagn  134-7. 
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The  sharp  bend  in  the  IS  and  A*  curve  is  called  the  "  knee  '* 
of  the  curve.  The  iron  is  approximately  saturated  when  if  has 
been  increased  beyond  tlie  knee  of  tlie  curve,  and  any  further  in- 
crease of  Pf  produces  only  slight  increase  of  i&.  Thus  a  magnet- 
izing force  of  10  units  produces  a  flux  density  of  12,400  lines  per 
square  centimeter  in  a  certain  sample  of  annealed  wrought  iron, 
attd  a  magnelijiing  force  of  double  this  intensity  produces  only 
14,330  lines  |Kr  square  cm.,  or  about  ten  per  cent,  increase,  in 
the  value  of  rf.  Wrought  iron  has  been  subjected  to  a  nugnet- 
iring  field  of  about  20,000  units  by  I\wing  who  found  the  cor- 
responding value  of  iB  to  be  about  40.000  lines  per  square  centi- 
meter, and  the  corresponding  \alue  of  3  to  be  1,730  units  pole 
per  square  centimeter. 

The  accompanying  table  gives  the  corresponding  values  of  J8 
and  ,V  for  wrought  iron,  for  cast  iron  and  for  soft  cast  steel. 

Table, 
Atagntlit  trafttiu!  tf  Iran  ami  Slat. 


«h-«ta 

Inb  |H<vUi»). 

Cullfm 

(M.E.1lH.v«)- 

SaftCwSiMl. 

X 

« 

^ 

3f 

« 

f, 

«■ 

e    1 

to 

IJ.400 

1.Z40.0 

5.000 

500.0 

9.T«» 

» 

716-^ 

to 

30 

iS.ioo 

\m 

30 

7.»9a 

.46.6 

30 

14.500 

4» 

15.550 

40 

ns.o 

4« 

U 

U^a^ 

319.0 

>5.«4« 

146.6 

i6,joo  , 

TO 

16.500 

»3S-6 

JO 

9,W» 

"Jt  4 

70 

16,750 

'39 


18.  Magnetic  permeability. —  A  long  coil  of  wire  produces  a 
magnclic  field  of  intensity  cV  in  its  (air-lillcd)  interior,  and  this 
Bcid  intensity  is  of  course  equal  to  the  magnetic  Hux  per  unit 
aectiahal  area,  that  is,  to  the  Hux  density,  in  the  air-filled  interior 
oftbc  coil.  If  the  region  inside  of  the  coil  is  filled  with  iron,  the 
flux  density  is  many  times  as  great  as  Pf.  as  is  c\-idenl  from  an 
^iqwction  of  the  J?  And  P(  curves  of  I-'ig.   to.     From  this  fact 

Knight,  Brid  Bacon,  T^nioitiaiu  Amfrimim  iHitifmU  ff  Kifitritml 
Vol.  IX  ,  1S91. 
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there  arises  the  idea  of  the  multiplying  effect  of  an  iron  core, 
insofar  as  the  production  of  magnetic  flux  is  concerned.  In  con- 
formity with  this  idea  we  may  write : 

«  =  Ijl9{  (9) 

in  which  /x  is  the  ratio  of  a  given  value  of  flux  density  ^  to  the 
corresponding  value  of  magnetizing  force  9(.  This  quantity,  /*, 
is  called  the  permeability  of  the  iron.  It  is  of  course  not  a  con- 
stant for  a  given  kind  of  iron  (if  it  were  constant  the  &  and  X 
curve  would  be  a  straight  line),  but  its  value  varies  with  the  flux 
density  <^,  as  is  clearly  shown  in  the  tabulated  values  of  9(,  iS8, 
and  ft  (  =  i8/cV)   given  in  Art.  1 2. 
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Fig.  II. 
t^  and  LL  curves  for  wrought  iron  and  cast  iron. 

The  ordinates  of  the  curves  in  Fig.  1 1  show  the  values  of  tlie 
permeability  /x  of  wrought  iron  and  of  cast  iron  for  various  values 
of  the  flux  density  o'?. 

The  permeability  of  air  and  of  all  non-magnetic  materials  such 
as  copper,  cotton,  wood,  etc.,  is  imity. 

14.  Magnetic  circuit  calculations. —  When  an  iron  rod  of  uni- 
form size  and  quality,  which  forms  a  closed  magnetic  circuit,  is 
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nfc^ectcd  to  a  uniform  magnetizing  force  .V  along  its  entire  length, 

evalueofthe  flux  density  J&  in  the  rod  maybe  found  from  the  Jf 
Dd  ?f  curve,  and  the  total  flux  through  tlie  rod  may  be  found 
r  multiplying  this  flux  density  by  the  section,-il  area  of  the  rod, 
)r,  the  uniform  value  of  if  required  to  give  a  specified  tot;J  flux 
trough  tlie  rod  may  be  found  from  the  Ji'  and  ;V  curve  after 
le  value  of  i&  has  been  found  by  dividing  the  sjiccified  flux  by 
le  sectional  area  of  the  rod. 

WTien.  however,  the  iron  rod  varies  in  size  from  ^oint  to  point, 
r  when  diflcrcnt  parts  of  the  rod  are  of  different  kinds  of  iron,  or 
iicn  there  is  an  air  gap  in  the  magnetic  circuit,  then  some  kind 
r  an  averaging  process  must  be  used  to  calculate  tlie  magneto- 
lotivc  force  required  to  produce  a  specified  flux  through  the  rod. 
ivcrsely  to  calculate  the  flux  produced  by  a  specified  mag- 
etomotjve  force, 

This  calculation  is  carried  out  as  follows  : 

{a)  To  find  the  magrietumoth-f  forci-  rtquiud  w  f'tiuiuct  a  sptct- 
]ed  fiux. —  Divide  the  prescribed  flux  by  the  sectional  area  in 
quarc  centimeters  of  each  part  of  the  circuit,  wrought  iron,  cast 

If),  or  air.  as  the  case  may  be.  This  gives  the  flux  densit}-  ^ 
I  each  part  of  the  magnetic  circuit."  Knowing  J?  for  each  part 
r  the  circuit,  take  from  the  rf  and  .V  tables  or  curves  for  the 

lerent  kinds  of  iron,  the  \'alue  of  .V  required  to  produce  the 
nown  value  of  i8  in  eacli  p;>rt  of  the  circuit,  and  multiply  the 
llue  of  -V  for  each  jart  of  the  circuit  by  the  length  in  ccnti- 
leters  of  [hat  part.  This  gives  the  magnetomotive  force  re- 
J  for  each  jiart.  and  tlie  sum  of  these  magnetomotive  forces 
:  the  total  magnetomodvc  force  required.  ThU  total  magneto- 
ioti\-e  force  may  then  be  reduced  to  ampcrc-tums  b>'  multiply- 
^  it  by    10  4w. 

In  this  calculation  it  is  to  be  remembered  that  flux  density  in  air 


■  It  U  bar  uwiucd  lh>i  Uic  wIh 


r  of  lh<^  ! 


,    Thi. 
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is  cV,  so  that  the  flux  density  in  the  air  gap  is  to  be  multiplied 
by  the  length  in  centimeters  across  the  gap  to  give  the  magneto- 
motive force  required  for  the  gap. 

(d)  To  find  tite  flux  produced  by  a  specified  tnagnctomotvve 
force,  —  In  the  case  of  a  rod  of  uniform  size  and  quality  this 
problem  {p)  is  simply  the  reverse  of  problem  {a).  When,  how- 
ever, the  parts  of  a  magnetic  circuit  are  of  different  sizes  or  of 
different  materials,  the  flux  produced  by  a  specified  magnetomo- 
tive force  is  best  determined  as  follows :  Calculate,  as  explained 
under  (a),  the  magnetomotive  force  required  to  produce  a  series 
of  arbitrarily  assumed  values  of  flux.  Arrange  these  results  in 
tabular  form,  plot  them,  and  from  this  plot  find  the  flux  corre- 
sponding to  the  prescribed  magnetomotive  force. 

15.  Analogy  between  the  magnetic  circuit  and  the  electric  dicnit 
Definition  of  magnetic  reluctance.  —  The  statements  given  in  Art 
14  {a)  and  (b)  are  complete  statements  of  the  fundamental  princi- 
ples and  methods  of  calculation  of  the  magnetic  circuit.  A  slight 
modification  of  the  fundamental  methods  outlined  in  Art.  14  [a] 
and  {p)  may  be  used.  This  modified  method  is  based  upon  an 
analogy  between  the  magnetic  circuit  and  the  electric  circuit 
It,  however,  contains  no  physical  or  mathematical  principles  in 
addition  to  those  involved  in  the  fundamental  method  outlined 
in  Art.  14  (a)  and  (b),  and  its  only  advantage  is  that  the  funda- 
mental equation  (9)  is  rearranged  so  as  to  correspond  exactly 
in  form  to  the  equation  for  Ohm's  law. 

The  fundamental  equation 

w*/3  =  /AiV  (/■) 

when  applied  to  an  iron  rod  which  forms  a  magnetic  circuit,  may 
be  transformed  as  follows  :  The  magnetic  flux  4>  through  the  rod 
is  equal  to    cfhs,    whence  equation  (/)  may  be  written  : 

Now  the  magnetomotive  force  c^^  along  the  rod  is  equal  to  cW 
where  /  is  the  length  of  the  rod.  Substituting  therefore  »^//  for 
d(  in  equation  (//)  we  have  : 
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Tliis  equation  may  be  rewritten  thus: 


vhicli  1/i  is  written  for    I  //i  x  //r.     Tliat  is, 


h  s 
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The  quantity  Jfl  is  called  the  reiwlanee  of  the  magnetic  drcuit, 
id  the  rccii>rocal  of  the  permeability  of  the  iron,  i  /m,  is  called 
t  sf>t(ific  rtlucUiHce  or  rtluctivity 

A  portion  of  a  magnetic  circuit  one  centimeter  in  length  (/  =  i  ), 
»d  one  square  centimeter  in  sectional  area  [s=  i ),  and  made  of 
material  having  a  pcrmeabilit>-  of  unity  (>*  ■-  i ,  which  is  Ihe 
raluc  of  ^  for  atr),  has  unit  reluctance.  The  name  oersted  has 
en  adopted  for  this  unit  of  reluctance  by  the  American  Institute 
Electrical  Engineers. 

lu^uation  (10)  is  exactly  similar  in  form  to  tlic  equation  ex- 
pressing Ohm's  law,  namely,  /  »  EfR ;  and  equation  ( 1 1)  is  simi- 
lar in  form  to  the  equation  for  calculating  the  rc-^Utance  of  a  wire, 
having  given  its  length  and  section  and  the  specific  resistance  or 
rcsislivit>'  of  its  material.  This  analogy  between  the  magnetic 
drcuit  and  the  electric  circuit  is,  however,  physically  incomplete, 
for  the  magnetic  reluctance  of  an  iron  circuit  and  the  reluctivity 
of  the  iron  both  increase  as  the  flux  increases,  whereas  the  resis- 
tance of  an  electric  circuit  docs  not  vary  with  the  current,  unless 
cliangcs  of  temperature  occur. 

To  fmd  the  magnetomotive  force  required  to  produce  a  speci- 
fied magnetic  flu.'t,  using  equations  (to)  and  fli).  proceed  a* 
fnlU'W-t:  Divide  the  total  flux  by  the  sectional  area  of  each 
portion  of  the  magnetic  circuit  thus  finding  the  flux  tien.Mty  for 
each  portion.  Knowing  the  flux  density  J^  for  each  [x>rtion  of 
the  circuit  take  the  coiTcsponding  values  of  ;■  from  the  table  in  J 
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Art.  1 2.  Knowing  the  value  of  /a,  the  length  /,  and  the  sectional 
area  s  of  each  portion  of  the  circuit,  calculate  the  magnetic  re- 
luctance cS  of  each  portion.  Add  these  separate  reluctances 
together  to  get  the  total  reluctance  of  the  entire  circuit  and 
multiply  the  total  flux  <I>  by  this  total  reluctance  to  get  the  re- 
quired magnetomotive  force  iF^  according  to  equation  (lo). 

16.  Two  typical  examples  of  magnetic  circuit  calculations,  ig- 
noring magnetic  leakage. 

{a)  Calailation  of  the  amount  of  field  excitation  required  for  a 
lifting  magnet^  design  of  magnet  and  weight  to  be  lifted  being 
given. 

Fig.  1 2  is  a  sketch  of  a  lifting  magnet  of  which  the  dimen- 
sions and  material  of  each  part  is  given.  The  dotted  line  repre- 
sents the  middle  line  of  the  magnetic  circuit  and  the  length  of 

this  line  in  each  part  of  the  circuit  may 
be  taken  as  the  mean  length  /  of  that  part 
The  flux  through  the  cores  CC  is  so  nearly 
uniform  that  the  sectional  area  of  each  core 
is  accurately  the  sectional  area  s  of  the 
stream  of  flux  in  that  part  of  the  circuit. 
The  flow  of  flux  through  yoke  Kand  arma- 
ture A  is  not  uniform,  but  the  actual  sec- 
tional areas  of  yoke  and  armature  at  a  and  b  represent  the  mean 
sectional  areas  of  the  flux  stream  in  yoke  and  armature  nearly 
enougli  for  j)ractical  purposes.  The  length  of  each  air  gap  (par- 
allel to  11  ux  stream  of  course)  is  pretty  definite,  but  the  flux 
spreads  out  greatly  where  it  crosses  an  air  gap  and  therefore  the 
sectional  area  of  the  air  gap  is  indeterminate.  When  the  air  gap 
is  short,  as  in  JMg.  1 2,  it  is  sufficient  to  take  the  area  of  the 
smaller  face  (the  ends  of  the  cores  in  Fig.  12)  as  the  sectional 
area  of  the  air  gap. 

Let  .V  he  the  sectional  area  of  each  air  gap  in  Fig.  1 2  and  <I>  the 
flu.x  crossing  each  gap.  Then  the  total  force  in  dynes  with  which 
the  armature  is  pulled  by  one  field  core  is 


^.__J 


Fig.  12. 
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and  the  total  pull  due  to  both  field  cores  is 


(■■) 


When  the  desired  pull  F'ls  given  in  dynes  the  requisite  flux  * 
l>c  determined  from  this  equation,  and  the  magnetomotive 
(brcc  required  to  produce  this  flux  may  then  be  calculated  as 
l^aincd  in  Art.  14  or  in  Art.  15. 

(i)  Calttt/attan  of  tkt  amount  of  fifld  excitation  required  for  a 
fytiamo.  —  From  the  prescribed  electromotive  force,  speed,  and 
number  of  armature  conductors  JC,  the  necessary  amount  of  mag- 
:  flux  <t>  through  the  armature  may  be  calculated  from  equa- 
tion (2  lA)  of  Chapter  II.  The  various  parts  of  die  magnetic  cir- 
cuit of  a  dynamo,  namely,  the  yoke,  the  field  cores,  the  pole 
pieces,  the  atr  gaps,  and  the  armature  core,  do  not  as  a  rule  have 
perfectly  definite  length-s  in  the  direction  of  the  flux,  nor  perfectly 
definite  sectional  areas  at  right  angles  to  the  flux.  Tlierefore,  it 
lally  desirable  to  make  an  outline  sketch  of  the  magnetic 
circuit  of  tile  dynamo  to  scale,  as  in  the  above  example  (u),  and 
estimate  the  mean  length  /,  and  the  mean  sectional  area  of  each 
part  of  the  magnetic  circuit.  This  done,  and  the  magnetic  prop- 
erties of  the  imn  of  each  p;irt  being  given  by  suitable  J?  and  ,V 
curves,  the  retjuired  number  of  amiJcre-turns  may  be  found  as 
txpUJnetl  in  Art.  14  or  in  Art  15.  Dividing  the  re<iuircd  field 
ixdtation  expressed  in  ampere-turns  by  the  numl>cr  of  turns  of 
I  the  field  windings,   gives  the  required  field  current  in 


17.  Xagnetic  leakage.  —  It  has  been  already  pointed  out  that 
most  cases  magnetic  flux  is  forced  through  a  magnetic  circuit 
'ft  bunched  winding,  so  that  the  magnetomotive  force  is  largely 
iccntrated  in  one  part  A  of  the  circuit  Therefore  the  mag- 
ic flux  in  passing  through  a  portion  B  of  the  drcuit.  which  is 


i 
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remote  from  the  seat  of  the  magnetomotive  force,  tends  to  spread 
out  and  pass  through  the  surrounding  air  as  well  as  through  the 
clearly  defined  path  which  is  provided  for  it.  This  effect  is  espe- 
cially prominent  when,  as  in  case  of  the  d>Tiaino,  the  portion  B 
of  the  magnetic  circuit  contains  an  air  gap,  and  also  when  there 
is  an  opposing  magnetomotive  force  in  the  portion  B  of  the  mag- 
netic circuit.  Thus  in  the  dynamo  the  demagnetizing  action  of 
the  armature  current  constitutes  an  opposing  magnetomotive 
force. 

Let  4>  be  the  magnetic  flux  which  enters  the  armature  from  a 
north  pole  of  a  field  magnet  and  leaves  the  armature  at  a  south 
pole  of  the  field  magnet     This  is  called  the  useful  flux,     A  cer- 
tain amount  of  flux  ^  passes  through  the  air  from  each  north 
pole  of  the  field  magnet  to  the  adjacent  south  pole,  or  poles, 
without  passing  through  the  armature.     This  is  called  the  leak- 
age flux.     The  total  flux,   4>  +  <^,  passes  through  the  field  mag- 
net cores.*     The  ratio    (4>  +  <^)/4>    is  called  the  coefficient  of 
magnetic  leakage  of  the  dynamo.     It  is  always  larger  than  unit\' 
and  it  ranges  in  value  from  1. 125  to  as  much  as  2.0.     That  is. 
the  leakage  flux  <^  is  in  some  cases  as  small  as  0.125  o^  the  use- 
ful flux,  and  in  some  cases  it  is  equal  to  useful  flux.      The  coef- 
ficient of  magnetic   leakage  of  a  dynamo  may   be   determined 
accurately  by  experimental  tests  on  the  machine,  or,  if  neccssan*. 
it   may  be  approximately  calculated  from  the  known  dimensions 
o{  the  various  parts  of  the  machine. 

Ji.vfer:nh?jtal  determination  of  magnetic  leakage  coefficient.  — 
The  armature  oC  the  dynamo  to  be  tested  is  kept  stationar\^  dur- 
inii  the  tost.  The  terminals  of  the  field  winding  are  connected 
to  supply  mains  throui^^h  a  rheostat  and  a  reversing  switch.  The 
ol>i(  V  t  of  the  rheostat  is  to  adjust  the  field  excitation  to  the  dc- 
siicil  \,\\m\  and  iho  reversing  switch  is  used  for  quickly  reversin<^ 
thr  hrlil  r\i  itation.     A  number  of  turns  of  fine  wire  are  wound 

•  Im  Ww  Iu-M  nwtunrl  Muiclurcs  shown  in  Figs.  32,  33,  34,  37  and  39,  the  whole 
nl  »|-  ,  .»  ^M^^«  >  llnou^h  each  magnet  core  C.  In  the  structures  shown  in  Figs,  35, 
*•*  A\\\\  iN,  lirtll  x\{    •^   ■    .N    |v»v>cs  ihn^ugh  each  magnet  core  C 


vund  the  field  coils  so  as  to  surround  the  whole  (or  half)  of  the 
atal  flux  4>  +  ^,  and  another  winding  of  die  same  number  (or 
f  the  number)  of  turns  is  arranged  on  the  stationary  armature 
a  as  to  surround  the  useful  flux  4>.  These  windings  are  con- 
lectcd  to  a  ballistic  galvanomcti^r,  one  at  a  time,  and  the  throw 
r  tlie  galvanometer  is  observed  \\hen  the  field  current  is  rc- 
BTsed.     The  ratio  of  these  two  throws  is  the  leakage  coeRicicnt 

Caltidaliin  vf  •nagitrtlc  Iraiagt. —  Since  n)Bgnettc  leakage  flui  pusses  ihroughihe 
E,  jt  it  evident  that  Ihe  calcuUlion  of  teiknge  flux  rnusl  be  htxA  upon  rhe  calcala- 
m  of  the  nuKiirlic  reluclancrs  r>f  air  ^apft.  Tlie  mngDclic  relacUDCt  of  ■  thort  air 
ip  bdwcco  plane  Iron  faces,  panllel  to  each  otbet  or  iacllneil,  may  lie  cak-uUttd 
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Fit.  13.  FIc  14. 

eomiderable  awuracy.  Tlie  reluelance  of  *  tonK  air  gap,  Ihal  ii  a  gap  which  a 
tg  hi  oomparixiti  wrib  Ihe  Irnglh  »bA  wlillli  of  the  irnn  iacn  which  buuml  it,  caniuM 

■ccuralelr  calculaird  \iy  any  iliiii>le  forniula. 

(u)  MatHftit  rilutlatt<t  •>/ a  tliorl  air  gap  i<eti,<ftu  fanlitl  iruK  /a/ti.—  \nAii 
*  lh«  wctiooal  area  of  ihe  gap  ii  equal  to.  or  liut  lerj  liltle  larger  ibio,  the  atta  of 
:  tmaller  (mx,  and  the  rrluctance  of  the  gap  may  be  accurateljt  calculaWd  bj  Iha 


which  /  n  (tie  length  of  the  gap  to  ccDtiiueieri.  and  i  ii  iti  vciional  area  in  vjuarc 

(#)  l^mrtif  niH<l»nie  »f  a  loitg  air  g«p  (ttvtm  faralht  /n/tj.  —  Xv  thUcu* 
•  BU]r  iHe  aqnaltoo  ( il)  with  aufliciFnt  accurary  for  muit  piupom,  utiog  (or  >  tbt 
\wt  (t'+i"l['».  whno  »' anil  i"  ate  Ihe  areaiof  the  teipeclive  face*  B»  »hown  in 
K-  IJ- 

(rl  Jft/M/ftV  rtlmrt^nei  o/  a  ikfrt  air  /;af  betarttn  limilar,  riiLingHUr,  plant 
m/utt  imfiimfJ  1  an  awf/f  fl  tn  /4.i.'»  /■  Hjc.  14—  \jr\  C  be  the  line  of  the  inwi- 
lAmof  the  Iwo  foen,  ami  let  |i,  am]  i>,  be  tlie  raitui  dalanccs  fnuu  C  to  Ihe  edge* 
9m  hem  m  ahowa  ia  Fig.  14.     Tbeo 
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^r  m    Ly^Sr 


5x^^ 


jr=^    to   r=, 


ft 


or,  5«i«  *^=^^  ^«"  eqmtM»  (  \o\  w«  haT«  eqvatioQ  (13)  at  oDce. 

J,     -lfeT*«*^  remcumce  jf^  Itm^  ^ir  g^  ketmetn  im^tintd  faces,  —  Several  modi- 

tbe 


rKSitocKs  'Jt  e'^iMOoa    15    have  been  proposed  fcr  the  approximate  calcuUtioD  of 
r^iuctauo;  <^  *  ^««S  ^  gap  between  mdined  fiKe&     These  modifications  arc,  bow- 
^«,  ^  »?  »=»*<«-     "^^"^  **=^  apptuaimatc  raknlatinm  may  be  made  as  follows  : 

It  :^  aijaccnt  edges  of  the  mrfiwed  fives  are  near  together,  always  assume  two 
>iudu  -^  rect2»n^ttlari»ss  which  represent  the  actual  ^Kxsas  nearly  as  one  can  judge, 

tt  ii*c  *i|*ce«t  e«^es  of  die  incfined  fives  are  not  very  near  together,  take  the  mean 
>,fv;ivH»Ai  Jtf^i*  ^  **  ^'■**  ^*=**  ^  ^^  Togxn  sectional  area  s  of  the  gap  space,  estimate 
itw  t«v^»  t«^»<^*^  •  *^  ^^  S^  *^  ^^  length  of  a  smoothly  carved  line  starting  from  the 
*wvkJi*?  vK  sH»c  ?*ce  it  right  angles  to  the  five,  and  leading  to  the  middle  of  the  other 
»^v  u*vi  *^  «^^  4»^ie*  t»  it,  and  ose  equation  (12). 

\j,H,i*  :h*i  tix  *«g^«f  ^  between  the  two  fives  I  and  I  of  Fig  15  b  180°  or  s-.  The 
,^,^^^v  V*.  u^^  vK  •*»  ^"^^  2  aai  2»  and  of  the  fives  3  and  3. 

^^  T««  t^ff*^  tzuiples  itf  magnetic  leakage  calculations.— 
%^  %*i*^r^thr  /ift«i^^  is  dme  to  an  air  gap  only,  and  not 
Hf  m^g^m^mt^Mrt^  fonrt.     Magnetic  leakage  around  a 
^  wMt  Af  mnmaiure  current  is  zero,  —  In  most 
•^ictial  useful  flux  *  through  the  armature 
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I  is  given.  The  flux  from  a  north  pole  piece  to  a  south  pole  piece 
consists  of  two  parts  :  ( i)  The  useful  flux  *&,  which  passes  from 
a  north  pole  face  across  an  air  gap.  through  the  armature  core, 
and  across  a  second  air  gap  into  a  south  pole  face,  and  (2)  The 
leakage  flux  </>,  which  passes  out  from  all  portions  of  the  surface 
of  a  nortli  pole  piece,  other  than  the  pole  face,  into  the  similar 
portions  of  the  surface  of  a  south  pole  piece. 

To  calculate  1^  proceed  as  follows  :  Knowing  *  find  the  flux 
density  in  the  armature  core,  then  taWe  from  tables  (or  curves) 
the  corresponding  value  of  n  for  the  ar- 
mature core,  and  calculate  the  magnetic 
reluctance  of  the  armature.     Next  cal- 
culate the  magnetic  reluctance  of  each  '— ^ 
gap  space  between  pole  faces  and  arma- 
ture core.     Add  these  three  reluctances 

together  and  multiply  by  "l*  to  get  the     I \ 

magnetomotive  force  from  pnle  piece  to 
1  pole  piece.   Let  this  be  represented  by  if. 

The  leakage  flux  1^  is  the  sum  of  the  fluxes  flowing  between 
Ithe  surfaces  1  i,  between  the  surfaces  2  2  (at  both  ends  of  the 
I  machine),  and  between  the  surfaces  3  3,  as  shown  in  Fig.  tj. 
I  Calculate  the  magnetic  reluctance  of  each  one  of  these  elementary 
lleakage  paths  with  the  help  of  equations  (13)  and  (13).  Divide 
f  the  reluctance  of  each  path  to  find  the  leakage  flux  through 
ich  path.     Finally,  add  these  various  leakage  fluxes  together  to 

{b)  Wken  ^Hagnetic  leakage  is  due  to  an  air  gap  and  an  afpos- 
'ifig  magHetomotive  force  combined.  Magnetic  leakage  around  a 
1  armature  -when  the  armature  current  is  not  zero.  —  Let 
;  the  flux  through  the  armature,  0  the  leakage  flux,  ..'^the 
[netomotivc  force  bet\vcen  the  pole  pieces,  and  ^'  the  oppos- 
;  magnetomotive  force  due  to  the  current  in  the  armature. 
lie  flux  4*  is  supposed  to  be  given. 

J  calculate  4>  proceed  as  follows  :    Find  the  magnetic  re- 
of  the  armature  core  and  of  the  gap  spaces  exactly  as 
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under  (a).  Add  these  reluctances  and  multiply  their  sum  by 
<I>.  This  gives  the  magnetomotive  force  which  is  required  to  over- 
come the  reluctance  through  which  4>  flows.  Add  to  this  the  mag- 
netomotive force  ^  and  we  have  the  total  magnetomotive  force  f 
between  the  pole  pieces.     Then  calculate  <f>  exactly  as  under  (a), 

19.  Magnetic  reluctances  in  series  and  in  parallel.  —  Two  por- 
tions of  a  magnetic  circuit  through  which  the  same  flux  flows 
are  said  to  be  /;/  series.  The  combined  reluctance  of  two  such 
portions  of  a  magnetic  circuit  is  equal  to  the  sum  of  their  indi- 
vidual reluctances. 

When  two  or  more  portions  of  a  magnetic  circuit  are  so 
related  that  the  total  magnetic  flux  <I>  through  the  circuit  di- 
vides and  flows  in  part  through  each  portion,  the  portions  are 
said  to  be  ///  paralleL  The  combined  reluctance  of  a  number  of 
branches  of  a  magnetic  circuit  which  terminate  in  the  same  branch 
points,  is  equal  to  the  reciprocal  of  the  sum  of  the  reciprocals  of 
the  individual  reluctances. 

Tlic  total  flux  *  divides  up  among  a  number  of  parallel 
brandies  in  exactly  the  same  way  that  an  electric  current  divides 
up  ainoniX  ^  number  of  parallel  branches  of  an  electric  circuit. 

The  various  leakage  paths  and  the  path  of  the  useful  flux 
(^across  i^ap  spaces  and  armature  core)  are  all  in  parallel  between 
the  pole  pieces  of  a  dynamo. 

20.  Work  required  to  magnetize  iron.  —  When  an  iron  rod  is 
ma^neti/eil  by  sending  an  electric  current  through  a  coil  of  wire 
smioinulini;  the  roil,  an  opposing  electromotive  force  is  induced 
It)  the  I  oil  W  the  growing  magnetism  of  the  rod,  and  the  work 
Jone  in  toivini;  the  current  against  this  opposing  electromotive 
|,M.  i\  is  the  woik  expended  in  magnetizing  the  rod. 

\\w  woik  \\\  in  ep^s,  which  is  done  in  magnetizing  J' cubic 
, ,  iunn«  t.  t  V  ot'  \\y^\\  tVoin  a  i^iven  initial  flux  density  ^y  to  a  given 
lm.»l  Ihis  .V'waW  y^".  is  i^iven  by  the  equation  : 


\V=  dt'dSi.  (14) 


4*^  .  '  :d 
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Prvof  11/  iqunlii^H  (if).  In  ortler  lo  avoid  Ihe  cumplicaliont  wliich  ariw  u 
tount  or  the  jKrceptihk  diinu^Tictltiiig  aciioii  of  ihe  endi  of  11  shuri  iron  rot,  Icl  u* 
nildnr  1  Very  long  illin  rod,  /  cenlimelers  in  length,  and  1 
nioiul  km.  SuppDw  ihls  rod  lo  be  plued  in  ■  long  tta\  having  ■  \mta  ol  wire 
I  centimeter  of  length,  at  It  iota.1  lumi.  When  the  coil  of  wire  is  ttrst  oonnectcd 
the  ballerjr  ur  ulher  toarce  of  cutienl,  the  cuiteni  in  Ihe  mlt,  liv)(inain|;  nl  ten\ 
et  b  iklue  during  the  linic  thit  ihe  rud  i>  Icing  inagneliied,  and  during  tliii  lime 
B  inagDCIle  flat  Ihtough  The  lod  is  growing  in  iilue.  Lcl  MjJt  be  Ihe  nile  at 
Ucb  Ihe  Aiu  i*  increuing  al  ■  given  instiol,  ■nd  In  t*  be  the  value  or  Ihe  currenl  si 
ii  tnHanL  Then  !i  ,<  Mji/f  u  the  induced  elecinunoiive  ion*  in  ihe  mil  which  ■■ 
p  IC'*'''  >n><*nl  n  oppminij  the  current  r,  10  llial  ft  X  Jl'lJf  X  '  ii  the  rate,  Jiffdi, 
■1  which  wufk  is  lieiiig  ilune  al  the  Riven  inalanl  in  Dweneliiing  the  lud.      Thai  is  : 

t 

dH'^iti-M  [a) 

in  which   JH'  is  Ihe  ainnunl  iiT  work  done  during  the  ti 
tf  Uie  auiaaol   i/t  and  while  the  current  ha>  Ihe  mean 
Now  ♦  =  *!  or  a*  =  i'^,!fl   from  cqualkin  17),  al 
[9),  Chapter  T.,  to  that  (he  e<|uitioti  (<■ )  becomes  ; 


e  tlial  ihe  flui  is  increasing 
I  ii=:X!4r  fiom  «]uatlan 


a-Jm- 


In  magneti/ing  a  short  iron  rod,  more  work  is  done  than  is 
»untcd  for  by  equation  (14),     The  additional  work  goes  to 
Establish  the  magnetic  fiidd  in  the  neighborhood  of  tlie  magnetic 
poles  of  the  rod.      ICquation  (14)  expresses  the  work  which  is 
mt  v.'ttkin  the  iron. 


t- the 


81,  Graphical  representation  of  work  done  in  magnetiziDg  iron. 

-  I-ct  ihc  cunc   ('/■/',   I'ig.  16,  be  drawn  w  th.il  the  coordinates 

represent  corresponding  values  of  .>(1  and  jV  for  a  given  sample  of 

in.     The  branch   op   represents  the  values  of  .'3  and  .V  when 

t  iron  is  magnetized  for  the  first  time,  A"  beginning  at  the  value 

3  and  increasing  until  it  reaches  the  value  represented  by  ti 

d/ ;    and  the  branch  pf^   represents  the  values  of  J 
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and  Xwhen,  after  die  iron  has  been  magnetized  up  to  tbe  point 
/,  the  value  of  X  isslonidy  reduced  to  zero.     Tlu  cftrve  fff  B 

and  dt  for  decreasing  veiuffi  €f  X 
does  noi  comcide  toiik  0te  emrve  f^ 
increasing  values  ef  9C  Furfho^ 
more^  the  total  afi^  ofia  rq>resents 
the  work  done  upon  the  iron  in  ma^ 
netizing  it  up  to  the  point  /,  and 
the  area  fif^a  represimts  the  work 
which  is  regained .  from  the  iron 
when  the  magnetizing  field  drops 
slowly  to  zero.  Tike  work  regained 
is  less  than  the  work  required  to 
magmHne  the  iron.  The  Work 
which  is  lost  is  re{Mesented  by  the 
shaded  area  in  Fig.  i6. 
The  scale  to  which  area  in  Fig.  i6  represents  work,  that  is,  tiie 
number  of  ergs  represented  by  each  unit  of  area,  may  be  deter- 
mined as  follows : 

Abscissas  represent  values  of  Pf  to  scale,  so  that  we  may  write 


FIc.  1^ 


9(^ax 


(0 


Ordinates  represent  values  of  ^  to  scale,  so  that  we  may  write 


or 


W 


Substituting  these  values  of  ^and   dS^   in  equation  (14)  we 
have 

-''''' {x.dy  (.5) 


IV 


in  which  a  is  the  number  of  units  of  cH'  represented  by  one  unit  of 
abscissa,  and  b  is  the  number  of  units  of  SS  represented  by  one 
unit  of  ordinate  in  Fig.  16.     Now   f^dy  is  the  area  between 
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ly  portion  of  the  J6  and  eV  curve  and  the  ^-axis.  Therefore. 
(I^4ir  is  the  number  of  et^s  of  work  represented  by  each  unit 
Tarca  between  tlic  i&  and  cV curve  and  lhe/-axis. 

23.  Magnetic  hysteresis.  The  magnetic  cyde.  —  The  diver- 
gence of  the  .".'  ami  ;)(■  curve  for  increasing  values  of  jVfrom  the 
i  and  ;V  curve  for  decreasing  values  of  J¥  is  called  magnelic  hys- 
^rretis :  or.  rather,  the  tendency  of  iron  to  retain  a  previous  mag- 
netic state  which  is  the  cause  of  this  divergence  is  called  magnetic 
lystciesis.  One  effect  of  magnetic  hysteresis  is  that  the  work 
regained  when  iron  is  demagnetized  is  less  than  the  work  which 
1st  be  si»cnt  to  magnetize  the  iron,  as  pointed  out  in  Art,  2i. 
The  magnetization  of  a  given  p«irtion  nf  the  armature  core  of  a 
jynamo  is  repeatedly  reversed  as  the  armature  rotates,  reaching 
t  certain  posidvc  value  of  J?  for  one  position  of  the  armature,  an 
■qua!  negative  value  of  .■?  for  another  posidon  of  the  armature, 
XHning  back  again  to  the  original  positive  value  of  *"?,  antj  so  on. 
Such  a  magnetic  double-reversal  is  called  a  magnftic  cyeU,  inas- 
much as  the  magnetic  condition  of  the  iron  is  precisely  tlic  same 
■t  the  beginning  and  at  the  end  of  the  double  reversal. 

When  a  mass  of  iron  is  magnetized  along  the  j8  and  i^  curve 
9f>  of  Fig.  16,  and  then  partially  demagnetized  along  the  curve 
/>/',  a  portion  of  the  work  done  upon  the  iron  during  the  first 
;  f/  is  rcgaineti  during  the  stage  //>',  a  portion  is  lost  as 
beat,  and  a  portion  remains  in  the  iron  as  energy  of  magnetiiation. 
When,  however,  a  mass  of  iron  is  carried  through  a  magnetic 
eyde,  the  algebraic  sum  of  the  work  spent  upon  the  iron  during 
t  c>'cle,  that  is  to  saj-,  all  of  the  work  spent  upon  the  iron  during 
the  cycle  is  lost  as  heat,  inasmuch  as  the  magnetic  energy  in  the  iron 
%  exactly  the  same  at  the  beginning  and  at  the  end  of  the  cycle. 
F^.  17  shows  the  relation  between  ."?  and  Pf  during  a  com- 
plete magnetic  cycle.  The  total  work  »[)««  on  the  iron  is  [jivcn 
f  the  value  of  the  integral 

A-' 


1 
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extended  over  the  whole  cycle  ;  but  the  value  of   /jr  •  dy  extended 
over  the  whole  cycle  is  the  area  enclosed  by  the  <S  and  9(  curve. 

Therefore,  the  total  energy,  in 
ergs,  lost  in  V  cubic  centimeters 
of  iron  per  magnetic  cycle  is  equal 
to  abVl^ir  x  area  of  J8  and  ^ 
curve.  This  energy  loss  is  called 
the  hvsteresis  loss  and  it  is  all  con- 
verted into  heat 

The  hysteresis  loss  per  q-'de 
increases  with  the  range  of  flux 
density  during  the  cycle.  This 
energy  loss  per  cycle  may  be  ex- 
pressed with  sufficient  accurac}' 
for  most  practical  purposes  (from 
<S  =  d=  2,000  to  <S  =  it  12,000) 
by  the  empirical  equation 


Hs  ir. 


jr=i7rje>« 


(16) 


which  is  due  to  Steinmetz.  In  this  equation  W  is  the  loss  of 
oncri^y  in  ergs  \>ct  cycle,  ['is  the  volume  of  the  iron  in  cubic 
cciuiniotcrs,  m  .M?  is  the  rani:^e  of  flux  density'  during  the  cycle, 
aiul  '•  is  a  constant  c».>emcient.  the  value  of  which  dep>ends  upon 
t:ic  chemical  anJ.  'ohvsical  ^.raalities  of  the  iron.  The  follouini^ 
taMc  i;ives  the  valiies  of  rj  for  dirferent  kinds  of  iron  and  steel. 


?^' 


.  -v.   ■». 


TaI  LE, 


u."  :>  .^fs'^cT::  TvP.  vr  :r-ir.>-,rr.cr  c-s>rtrs,  A::n<aled  O.0015 

■ -f v';:';.  .-i^:    -.  •  o.ooS 

•..     -^  >:t«.     0.0095 

':v^; 0.12 


V  .v>:   rw  


,.  0.16 
0.25 
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33.  Calculation  of  loss  of  power  in  iron  doe  to  hysteresis  and 
Idy  currents.  —  Hysti-rt-sis  Inss. — The  product  of  the  energy  loss 
sr  cycle  and  the  number  of  cycles  per  second  gives  the  energy 
ist  per  second,  or,  in  other  words,  the  power  lost  in  the  iron, 
therefore  from  equation  (16)  we  have  : 

P^  =  -^fVSS'-'y.  10-'  (17) 

n  which  /*,  is  the  loss  of  power  in  watts  in  f-'cubic  centimeters 
iF  iron  which  is  subjected  to  /  magnetic  cycles  per  second 
hrough  the  range  of  the  flux  density  ±  2&.  Values  of  1;  are 
[iven  in  the  tabic  above. 

When  a  mass  of  iron  is  rotated  in  a  magnetic  field  the  direction 
>f  magnetization  is  repeatedly  reversed,  but  in  a  manner  very 
liilTcrent  from  that  in  which  the  magnetization  is  reversed  in  a 
itationary  mass  of  iron  by  reversals  of  the  magnetic  field.  Baily  * 
bund  for  high  flux  densities  a  smaller  hysteresis  loss  in  a  rotating 
nass  than  in  a  stationary  mass  of  iron  for  a  given  maximum  flux 
lensity,  especially  when  the  flux  density  is  very  large.  Later 
experiments  by  Dinaf  show  a  smaller  difltrence  than  that  found 
by  Baily,  and  both  Baily  and  Dina  find  the  difierence  to  be  neg- 
ligibly small  for  flux  densities  up  to  16,000  lines  per  square  cen- 
timeter. 

Ei/iiy  cumnC  loss.  — The  loss  of  energy  by  eddy  currents  has 
no  essenb'al  connection  with  the  magnetic  properties  of  the  iron, 
but  the  loss  of  power  by  eddy  currents  is  usually  considered  in 
conjunction  with  loss  of  power  by  hysteresis.  The  loss  of  power 
by  eddy  currents  is  proportional  to  the  volume  of  the  iron,  to  the 
square  of  the  number  of  magnetic  cycles  per  second,  to  the  square 
of  the  thickness  of  the  laminations,  and  to  the  square  of  the 
maximum  flux  density.     Therefore 

P,^tVf/K^*  (iS)t 

in  which    P,   is  the  eddy  current  loss  in  watts,   I'  is  the  volume 

*  fkUnopiiia!  TramaHioHi,  clixivii,  p.  715,  1896. 
\EM.  Ttih.  Ztitsfkrifl.  1901.  p.  41. 


I    full    dlE* 

I,  ihinl  eililiun,  pp.  139  li 


:,  AlltTnating  Cnrrint  Phe- 
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of  the  iron  in  cubic  centimeters,  /  is  the  number  of  magnetic 
cycles  per  second,  /  is  the  thickness  of  the  laminations  in  centi- 
meters, ^  is  the  maximum  flux  density,  and  c  is  a  constant 
depending  upon  the  electrical  conductivity  of  the  iron.  The 
value  of  €  for  sheet  iron  is  about  1.6  x  io~".  The  value  2.5 
X  io~"  is  more  frequently  used  for  €  so  as  to  allow  for  incom- 
plete electrical  insulation  between  the  laminations. 

Armature  core  loss,  —  The  total  loss  of  power  in  an  armature 
core  is  due  partly  to  hysteresis  and  partly  to  eddy  currents. 
Neither  of  these  parts  can  be  accurately  calculated,  because  the 
flux  density  in  the  core  of  a  toothed  armature  is  far  from  uni- 
form. This  is  especially  true  when  the  armature  flux  *  is 
greatly  distorted  by  the  armature  current.  The  eddy  current 
loss,  as  calculated  by  equation  (18),  is  all  the  more  uncertain  be- 
cause of  the  indeterminate  character  of  the  insulation  between  the 
sheet  iron  laminations,  especially  if  the  edges  of  the  laminations 
are  burred  by  filing  or  other  machining. 

If  it  is  desired  to  predetermine  the  armature  core  loss  of  a 
newly  designed  dynamo,  it  is  less  satisfactory  to  calculate  the 
loss  by  equations  (17)  and  (18)  than  it  is  to  estimate  it  from  ex- 
perimentally determined  values  of  the  armature  core  loss  of  other 
machines.  The  following  table  gives  the  av^erage  results  of  ex- 
perimentally determined  core  losses  in  toothed  armatures.  These 
values  are  tabulated  for  various  values  of  f^B^,  the  product  of 
the  number  of  magnetic  cycles  per  second  and  the  flux  densit}' 
in  the  armature  core  below  the  slots.  The  value  of/"  is  ////- 
where  p  is  the  number  of  field  magnet  poles,  and  //  is  the  speed 
of  tlie  armature  in  revolutions  per  second. 

Table. 

Armature  core  losses. 


fefi    X  IO-'  Waits  per  Cubic  Centimeter         y^     X  lo-*         Walts  per  Cubic  Centimeter 

'*     '  1  of  Laminated  Iron.  -'a  ^f  Laminated  Iron 


0.0  0.0  2.5 

0.5  0.0094  3.0 

i.o  0.019  3.5 


0.048 
0.060 
0.072 


1.5  I  0.029  I  4.0  i  0.087 

2.0         !  0.03S  ' 


APPENDIX  B. 

CHARACTERISTIC  CL'RVF.S. 

84.  Definition  of  the  characteristic  curve  of  a  generator  and  of  "^ 
m  motor.  — (<i)  Of  a  gau-ralor.  —  W'lien  a  dynamo  is  used  ; 
generator  it  is  usually  ilrivcn  at  a  dc-liniCe  constant  speed,  and  the 
urrcnt  output  of  the  machine  may  be  large  or  small,  according 
3  the  resistance  of  the  receiving  circuit.  When  the  current  out- 
[Mrt  of  a  generator  varies,  the  electromotive  force  between  its  ter- 
ininats  generally  changes,  and  the  curve  showing  the  relation 
between  terminal  voltage  of  the  generator  as  ordinatcs  and  fur- 
mt  output  as  abscissas,  is  called  its  (extenial)  ckaraeleristie  mn't. 
Boiiietimcs  it  is  desirable  to  plot  the  curve  showing  the  relation 
between  current  output  of  generator  as  ordinates  and  resistance 
r  receiving  circuit  as  abscissas.  This  curve  is  sometimes  ctUed 
;  ampere-ohm  ekaracterist'u  of  the  generator  to  distinguish  it 
rom  the  voIt-ampcrc  characteristic  above  described. 

(^)  Of  a  iHotor.  —  When  a  dynamo  is  used  as  a  motor  it  is 
■sually  supplied  with  current  from  constant  voltage  mains,  and 
e  toad  on  the  motor  may  be  Urge  or  small  according  to  the 
mount  of  piiwer  required  to  drive  tlie  machinery'  to  which  the 
motor  is  connected.  When  the  load  on  the  motor  varies,  its 
[peed,  its  current  intake,  and  the  torque  which  it  develops,  all 
Ehaitge  in  a  definite  way,  and  a  curve  showing  the  relation 
ween  any  two  of  these  elements  may  be  cailed  a  ckaracteristit 
■vnv  of  the  motor.  Thus  the  characteristic  curve  of  a  motor 
ny  show  ( I )  the  relation  between  speed  as  ordinates  and  torque 
t  ab-tdssas,  (2)  the  relation  between  sjiccd  as  ordinatcs  and  cur- 
mt  intake  as  abscissas,  (3)  the  reLition  between  torque  (or,  in 
ueof  a  street  car  motor,  tractive  effort)  as  ordinates  and  current 
itBke  as  absa'ss.-k.t.  I 
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A  motor  may  be  supplied  with  constant  current  in  which  case 
the  speed  and  terminal  voltage  of  the  motor  vary  in  a  definite 
way  with  the  motor  load,  and  the  characteristic  curve  may  in  this 
case  show :  (i)  The  relation  between  speed  and  torque  :  (2)  The 
relation  between  terminal  voltage  and  speed ;  (3)  The  relation 
between  terminal  voltage  and  torque.  Constant  current  motor 
driving,  however,  seldom  or  never  occurs  in  practice. 

25.  The  magnetization  curve  of  a  dynamo.  —  A  clear  under- 
standing of  the  characteristic  curves  of  a  dynamo  when  used  as 
a  generator  or  as  a  motor  depends  upon  precise  knowledge  of  the 
relation  between  the  field  current  and  the  flux  4>  which  enters  the 
armature  from  a  north  pole  of  the  field ;  or,  since  the  electro- 
motive force,  4>^'//,  induced  in  the  armature  when  the  armature 
is  driven  at  a  prescribed  constant  speed,  is  proportional  to  the 
flux  4>,  it  is  suflficient  to  know  the  relation  between  the  induced 
electromotive  4>Z'«  and  the  field  current.  The  curve  which 
shows  this  relation  is  called  the  magnetization  curve  of  tlie 
dynamo. 

The  magnetization  curve  of  a  dynamo  may  be  determined  by 
driving  the  machine  at  the  prescribed  speed,  and  observing  the 
electromotive  force  between  its  brushes  *  for  different  obserxed 
values  of  current  sent  through  its  field  windings  from  some  out- 
side source.  Figs.  18  and  19  arc  typical  magnetization  curves 
of  a  dynamo  which  is  rated  as  a  30-kilowatt  generator;  Fig.  18 
shows  the  magnetization  curve  of  the  machine  when  its  field  is 
wound  with  many  turns  of  fine  wire  (shunt  dynamo),  and  Fig.  19 
shows  the  magnetization  curve  of  the  same  machine  when  its  field 
is  wound  with  few  turns  of  coarse  wire  (series  dynamo). 

Dependence  of  magnetisation  curiae  on  speed,  — When  the  mag- 
netization curve  of  a  dynamo  has  been  determined  for  a  given 
speed  ;/,  the  curve  for  any  other  speed  //'  may  be  found  by  multi- 

♦  When  the  current  in  the  armature  is  very  small,  the  electromotive  force  between 
*he  brushes  of  a  dynamo  is  very  nearly  ecjual  to  the  total  electromotive  force  ^Z'n 
\  in  the  armature. 


CHARACTERISTIC   CURVES.                            3S5       ^H 

l^ing  the  ordinatcs  of  tlic  given  curve  by   h'  Jn.     Thii  is  evident        ^^| 
ken  wc  consider  tliat  the  flux  4>  has  a  definite  value  for  a  given        ^^| 
lue  of  field  current,  sn  that  t)ie  induced  electromotive  force,        ^^| 
STn,   corresponding  to  a  given  value  of  the  field  current  is  pro-        ^^H 
rb'oiial  to  the  six:ed.                                                                                 ^^M 
Efftct  cf  rrsidual  magnetism  upon  the  magntthiation  cun>e  of        ^^| 
dynamo. —  When  the  field  current  of  a  dynamo  is  zem,  the        ^^| 
mature  flux  *.  and  the  induced  electromotive  force   4>^«,    are        ^^^k 
ually  not  zero,  on  account  of  residual  magnetism.     This  effect        ^^^k 
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incKasing  field  current  and  for  decreasing  field  current,  as  shown 
in  Fig.  -O.  This  effect  of  magnetic  hysteresis  upon  the  magoet- 
ization  curve  of  a  dynamo  is  usually  ignored  in  discussing  the 

relation  of  the  magnetization  cur\T  to 
the  characteristic  curve  of  the  d\Tumo 
as  generator  or  as  motor.  In  fact  the 
effect  of  hysteresis  is  nearly  zero  under 
practical  operating  conditions,  inasmudi 
as  the  mechanical  vibrations  of  the 
dxTiamo  and  the  slight  pulsations  of  ar- 
mature and  field  currents  cause  the  ar- 
mature flux  4>  to  settle  to  the  normal 
value,  as  explained  in  Art.  12,  Appen- 
dix A. 

CHARACTERISTIC  CURVES  OF  GEN- 
ERATORS. 

26.  Characteristics  of  the  series  gener- 
ator.—  The  characteristic  cur\'e  of  a 
sotic^  v^viurator  may  l>c  dctcmiined  experimentally  by  drinnij 
tlio  m.uluno  at  CvMistant  speed  and  observing  corresponding  \*al- 
vios  of  curunt  output  and  terminal  voltage  for  different  resist- 
aiues  of  t'ne  leoeixiuv;  circuit. 

/:;.'..;.  »'..:'./  A-. \v7.\-.  hitcrnal  characteristic.  —  The  cune 
I  \  i'.  Iml;.  J  I .  >b.o\\  ini;:  the  relation  between  terminal  volts  E^  and 
current  initjnit.  i<  imen  called  the  external  characteristic  to  distin- 
*^iiish  it  iV-'ni  the  cur\e  OC,  showing  the  relation  between  total 
induced  electromotive  force  E^  and  armature  current.  (In  the 
series  generator  the  armature  current  is  of  course  equal  to  the 
current  outj)ut.^  This  curve,  OC,  is  called  the  internal  charac- 
te^^tic.  or  the  total  characteristic.  When  the  external  character- 
i^tic  OA  i^  -iven.  the  internal  or  total  characteristic  OC  may 
be  ])lotte(i  as  follows  : 

The  difference  between  E^  and  E^  is  equal  to  the  electromo- 
tive force   RI,   which  i.s  used  to  overcome  the  combined  resistance. 


r   v  *  *  ^  * 
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of  the  armature  and  field  windings,  as  explained  in  Art  46. 
Chapter  III.,  so  that: 

Letthe  values  of  Rl  be  plotted  for  various  values  of /,  These 
rfotted  points  will  lie  on  llie  straight  line  OB,  Fig.  21,  since  R 
B  a  constant  Plot  the  curve  OC, 
jf  which  the  ordinate  at  each  point 
xceeds  the  ordinate  of  the  given 
;urve  OA,  by  the  amount  AV. 
The  curve  OCis  the  required  iii- 
Icmal  characteristic. 

The  effect  of  residual  magnet- 

Bm  upon  the  characteristic  curve 

>r  a  series  generator  is  to  cause 

r\'e  to  intersect  the  axis  of 

Wilts  above  the  origin,  as  shown 

1  Fig.  21. 

Rtlation   hihiftctt  the   magneti- 
atitHt  trtttTr  a»d  the   internal  or 
I  ekaraeteristie  of  a  series  ^eit- 
-If  it  were  not  for  the  de- 
tnagndizing  action  on  tlie  field,  of  ''"'  ■"■ 

the  current  in  the  armature,  the  internal  or  total  characteristic  of  a 
9  d>Tiamo  would  be  identical*  witli  the  inttgiietixation  cur\'t 
However,  the  effect  of  the  demagnetizing  action  of  the  armature 
airrent  is  either  to  reduce  tlic  armature  flux  and  therefore  the  total 
iduocd electromotive  force  which  corresponds  to  a  given  field  cur- 
nt,  or  lo  necessitate  an  increased  licld  current  to  give  the  pre- 
A  total  induced  electromotive  force.  I^t  ^t  be  the  number  of 
denugnetizing  tumsf  of  wire  on  the  amialure  ((>er  magnetic  circuit) 


VoiU 

,.  '    MI 

^ 

^ 

'o----' 

I  1- 

-"Am' .         1"' 

"  Eanpt  (nr  ■  iIIbM  Iom  of  riKiramatire  fun 
t  It  U  e»Jeai  ffiuD  ec|u«ii-in  1 35)  il>*i 


3  Ihc  inJucUim  of  the  elc> 


388         ELEMENTS  OF  ELECTRICAL  ENGINEERING. 

through  each  of  which  the  whole  of  the  armature  cnirreot  nf 
be  considered  to  flow,  and  let  A^  be  the  number  of  tuns  of  m- 
in  the  field  winding  per  magnetic  circuit  Then  the  number  flE 
ampere-turns,  net,  acting  on  each  ma^etic  circuit  is  /'(JV— i) 
when  the  current  output  of  the  generator  is  /'  amperes.  Nov.t 
current  /  flowing  in  the  field  winding  alone  gives  a  total  iiMfaoeA.^ 
electromotive  force  £^,  and  in  order  that  the  same  induced  ckD" 
tromotive  force  E^  may  be  obtained  when  the  machine  is  defiic^ 
ing  /'  amperes  as  a  series  generator,  the  net  ampere-turns  act- 
ing must  be  equal  to  NI.     That  is,  we  must  have 

That  is,  the  current  must  be  increased  in  the  ratio  of  (AT—  i) 
to  N.  Therefore  the  total  characteristic  curve  of  a  series  gcncr* 
ator  may  be  derived  from  the  magnetization  curve  of  the  machine   i 

by  multiplying  the  abscissas  of  the  magnetization  curve  by 
j\Y(-iV—  d).  This  result  is  deduced  on  the  assumption  that  the 
demagnetizing  action  of  the  armature  is  strictly  proportional  to 
the  armature  current. 

Dependence  of  the  characteristic  of  a  series  dynamo  on  speed. 
—  The  flux  4>  has  a  definite  value  for  a  given  value  of  current 
output  of  a  series  generator  independently  of  speed.  Conse- 
quently the  total  induced  electromotive  force  ^Z'n  is  propor- 
tional to  the  speed  of  the  generator  for  a  given  value  of  current 
output.  Therefore  the  external  characteristic  corresponding  to 
speed  ;/'  may  be  derived  from  the  given  external  charactenstic 
corresponding  to  speed  n  as  follows : 

Add  RI  to  each  ordinate  of  the  given  characteristic,  thus  find- 
ing the  internal  or  total  characteristic  for  the  same  speed  n.  Mul- 
tiply the  ordinates  of  this  total  characteristic  by  n'  fn,  thus  find- 
ngthe  total  characteristic  for  speed  ;/'.  Subtract  RI  from  each 
ordinate  of  this  total  characteristic  for  speed  n\  thus  finding 
the  required  external  characteristic  for  speed  «'. 
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7Sf  drooping  of  tke  characteristic  of  tkc  series  generator.  —  It 
mid  seem  as  though  the  useful  flux  "J"  through  the  armature  of 
cries  generator  should  increase  more  and  more  with  the  current 
tput  of  the  machine,  but  in  fact  the  effect  of  magnetic  leakage 
>und  the  armature  is  to  cause  <t>  to  actually  decrease  in  value 
len  the  current  output  is  excessive,  especially  if  the  field  iron 
comes  saturated  before  the  armature  iron.  This  decrease  of  "!» 
ans  an  actual  decrease  of  E^  and  of  course  E^  Jails  off  more 
m  E^  on  account  of  the  armature  drop  RJ^. 
Fig,  22  shows  the  external  characteristic  (full  line  curve),  and 
;  total  characteristic  (dotted  curve)  of  a  Wood  arc  lighting 
ies  generator,  wth  its  governing  device  disconnected. 
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ExfiitnalioH  0/  i/nv/iuf  of  itrUr  (karacUrii/i(.  —  When  a  serirs  generator  h»» 
ip  coefficient  of  mif^tic  lemkage,  and  when  the  fx\<\  yoke  and  corn,  are  nearly 
nted  ougnelJcaUy,  the  armature  core  being  far  below  uturation,  then  the  total 
IromotiTe  force  irtdnced  in  the  ■rmiture  decreasei  with  increueof  current.     Thii 
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eflect  depends  apoo  the  demagDetizti^  action  of  the  anrntnre  carrent  and  h  ouj  be 
best  explained  bj  a  simple  nmneiical  example  as  follows :  Given  a  generator,  with 
ooosiderable  positiTe  bmsh  lead,  vhicfa  b  delivering  a  cnrrcnt  of  lo  amperes  with  a 
total  induced  electromotive  force  of  2,500  volts.  Under  these  initial  cooditioiis  sap- 
pose  that  the  actual  armature  flux  is  2,500,000  lines,  that  the  leakage  flux  is  also 
2,500,000  lines,  so  that  the  field  flax  b  5,000,000  lines  (coefficient  of  magnetic  leak- 
age =  2).  Let  the  resistance  of  the  receiving  circnit  be  decreased  so  that  the  current 
ootpot  of  the  generator  b  increased  from  10  to  II  amperes,  or  bj  io  per  ccnL  Thb 
produces  a  10  per  cenL  increase  of  ampere-tnms  on  the  field  and  a  lo  per  cent  m- 
crease  of  the  demagnetizing  ampere-tnms  00  the  armature,  the  brashes  being  fixed  in 
position.  The  field  iron  being  highly  saturated,  the  10  per  cent,  increase  of  field 
ampere-turns  produces,  say,  i  per  cent,  increase  of  field  flux  making  the  field  flux 
equal  to  5,050,000  lines.  Now,  the  armature  core  being  far  below  saturation,  a  very 
large  part  of  the  opposition  to  the  passage  of  magnetic  flux  throagh  the  armature  is 
due  to  the  demagnetizing  ampere-turns  of  the  armature,  and  a  small  part  only  is  doe 
to  the  reluctance  of  the  air  gaps  aiKl  the  armature  core.  Let  us  suppose,  for  simpli- 
city, that  all  of  the  opposition  to  the  passage  of  the  flux  throagh  the  armature  is  doe 
to  the  demagnetizing  action  of  the  armature  current,  or  in  other  words,  let  us  suppose 
that  the  magnetic  reluctance  of  air  gaps  and  armature  core  b  zero.  Then  a  lo-per 
cent,  increase  of  armature  current  would  increase  the  demagnetizing  ampere-turns  10 
per  cent.,  the  magnetomotive  force  (ampere-turns),  between  the  pole  pieces  will  be 
increased  10  per  cent,  and  the  leakage  flux  will  be  increased  10  per  cent,  since  the 
magnetic  reluctance  of  the  leakage  paths  is  constant.  Therefore  the  field  flux  be- 
comes 1. 01  X  5»ooo»ooo  -=  5,050,000  ;  and  the  leakage  flux  becomes  I.IOV 
2, 500,000  ^  2, 750,000  ;  so  that  the  armature  flux  becomes  (  5,050,000  —  2, 750,000 1 
which  is  e<iual  to  2,300,000.  The  total  induced  electromotive  force  is  therefore  re- 
duced in  the  ratio  of  2,500,000  to  2,300,000  or  in  the  ratio  of  1. 00  to  0.92.  This 
shows  that  under  the  assumed  conditions  an  actual  decrease  of  8  p>er  cent,  in  the  total 
induced  electromotive  force  has  resulted  from  a  lO-per  cent,  increase  of  current. 

Frohleni :  The  combined  reluctance  of  the  armature  core  and  the  air  gaps  is  in 
fact  nearly  constant,  since  the  armature  core  is  not  highly  saturated.  Assuming  that 
half  of  the  op[X)sition  to  the  passage  of  flux  through  the  armature  and  air  gaps  is  due 
to  this  reluctance,  and  half  is  due  to  the  demagnetizing  ampere-turns  on  the  armature, 
calculate  :  ia)  The  percentage  decrease  in  total  induced  electromotive  force  under  the 
above  conditions  when  the  current  is  increased  IO  p>er  cent.,  and  (^)  The  coefficient 
of  magnetic  leakage  with  increased  current.      Answer  :   (^)  5  P^^  cent.;   (^)  2. 15. 

27.  The  ampere-ohm  characteristic  of  the  series  generator.  —  For 

.some  purposes  it  is  convenient  to  represent  the  current  output  of 
a  series  [generator  as  a  function  of  the  resistance  of  the  recei\nng 
circuit,  by  plotting  the  values  of  current  output  as  ordinates,  and 
the  corresponding  values  of  resistance  of  the  receiving  circuit  as 
abscissas.     Fig.  23  shows  such  an  ampere-ohm  characteristic  of 


the  Wood  arc  lighting  generator  of  which  tlie  volt-ampcro  char- 
■ctcmtic  is  shown  in  l-lg.  22. 

The  ampcrc-ohm  characteristic  is  derived  from  the  volt-ampcrc 
characteristic  as  follows  :   l^y  off  the  abscissa  of  each  point/  of 
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the  volt-ampere  characteristic,  Fig.  22.  as  the  ordinate  of  the 
CorrcsjKinding  jtoint  /'  of  the  ampcrc-ohra  characteristic  and 
lay  off  in  each  case  tlie  ratio   ^,  /,    see  Fig.  22,  as  the  abscissa 

SB.  Examples  showing  appUcatioos  of  the  external  characteristic 
0<  a  series  generator. —  The  examples  to  be  given  depend  upon 
the  use  of  what  is  called  the  rtctivJHg  circuit  charaitcrislie.  This 
is  a  curve  showing  the  relation  between  the  electromotive  force 
Kting  on  the  receiving  circuit  and  the  current  produced  in  the 
receiving  circuit  by  this  electromotive  force. 

When  the  receiving  circuit  consists  simply  of  a  resistance  R^ 
the  electromotive  force  required  to  produce  a  current  /  is  equal 
RJ,  and  the  rccd\Hng  circuit  characteristic  is  a  straight  line, 
as  shown  in  Fig.  24. 
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When  the  receiving  circuit  consists,  say,  of  a  storage  batteiy 
which  is  to  be  charged  by  the  generator,  then  the  terminal  elec- 
tromotive force  E^  of  the  generator  is  equal  to  the  sum  of 
RJ  and  the  counter  electromotive  force  c  of  the  battery ;  where 


Fig.  24. 


FiB.  25. 


R^  is  the  resistance  of  the  battery  and  connecting  wires.  In 
this  case  the  receiving  circuit  characteristic  is  the  straight  line 
AB^    shown  in  Fig.  25. 

A  receiving  circuit  containing  motors  has  no  definite  charac- 
teristic in  the  sense  in  whicli  the  term  is  here  defined,  inasmuch 
as  with  a  given  applied  voltage  the  current  may  have  a  great 
variety  of  values  depending  upon  the  motor  load. 

Now,  evidently,  the  terminal  electromotive  force  of  a  generator 
is  identical  with  the  electromotive  force  applied  to  the  receiving 
circuit,  including  the  line  wires,  and  the  current  output  of  a  gen- 
erator is  identical  with  the  current  flowing  through  the  receiving 
circuit.  Therefore  a  generator  supplying  a  given  receiving  circuit 
operates  at  tliat  point  of  its  characteristic  where  the  receiving 
circuit  characteristic  intersects  it. 

Tlic  point  P  in  Fig.  26  shows  the  operating  conditions  of  a 
given  series  generator  running  at  given  speed  and  supplying  cur- 
rent to  a  receiving  circuit  of  given  resistance.  With  increase  of 
the  resistance  of  the  receiving  circuit,  the  line  OP  becomes 
steeper,  that  is,  the  angle  0,  Fig.  26,  increases,  inasmuch  as  the 
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angcnt  of  6  is  equal  to  K/lf,  which  is  equal  to  R^,  When  the 
esistance  R^  has  so  far  increased  that  the  point  of  intersection 
i  near  the  knee  of  the  curve  at  K,  then  either  a  very  slight  addi- 
ional  increase  of  R^,  or  a  momentary  slowing  down  of  the  gen- 
rator  (which  reduces  the  ordinates  of  the  characteristic  curve) 
vii\  lead  to  a  state  of  affairs  in  which  the  generator  characteristic 
jld  the  receiving  circuit  characteristic  do  not  intersect  at  all. 
The  resistance  i?^,  corresponding  to  the  point  K,  Fig,  36,  is 
ailed  the  critical  resistance  of  the  series  generator  for  the  given 
speed,  inasmuch  as  the  generator  when  driven  at  the  given  speed 
cannot  build  up,  or  if  it  is  already  built  up,  it  cannot  maintain  its 


^ ^ 
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field  magnetism,  if  the  resistance  of  the  receiving  circuit  is  greater 
tiian  Ri^.  The  critical  resistance  is  proportional  to  the  speed  at 
which  the  generator  is  driven.  The  current  Z^,  corresponding  to 
[he  point  A",  is  called  the  critical  current  of  the  generator.  The 
I  current  docs  not  vary  perceptibly  with  the  speed  of  the 
rator,  but  has  a  definite  value  for  a  given  generator. 
"The  points  P  and  F.  Fig.  27,  represent  the  two  presumably 
lossible  operating  conditions  of  a  given  series  generator,  running 
t  a  given  speed,  and  supplying  current  to  charge  a  storage  bat- 
fery  of  which  the  counter-electromotive  force  is  c.     In  fact  the 
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point  P  represents  a  possible  running  condition,  but  it  is  difficult 
to  bring  about  the  state  of  affairs  represented  by  the  point  P  as 
explained  below,  while  the  point  P  represents  an  unstable  and 
therefore  impossible  condition  of  running.  The  instability  of  the 
conditions  represented  by  the  point  P  may  be  shown  as  follows : 
Suppose  that  the  generator  is  in  fact  operating  at  the  point  /*, 
and  that  a  slight  momentary  increase  in  the  speed  of  the  gener- 
ator takes  place.  This  increases  the  generator  voltage  momen- 
tarily and  also  the  current  and  then,  even  if  the  generator  comes 
quickly  back  to  its  normal  speed,  it  will  continue  to  operate  for  a 
very  short  interval  of  time  at  a  point  P'  a  short  distance  above 
P  ;  but  at  the  point  P'  the  generator  voltage  is  more  than  suffi- 
cient to  produce  the  current  /"  (greater  than  e  -f  Rr^'\  and  the 
excess  of  voltage  will  cause  the  current  to  go  on  increasing  until 
the  generator  reaches  the  point  P, 

On  the  other  hand  a  momentary  drop  in  the  speed  of  the  gen- 
erator will  cause  a  momentary  decrease  of  current  and,  even  if 
the  generator  comes  quickly  back  to  its  normal  speed,  it  will 
continue  to  operate  for  a  very  short  interval  of  time  at  a  point 
P"  ?i  short  distance  below  P  ;  but  at  the  point  -P"  the  generator 
voltage  is  less  than  (r  +  -^y ' } ,  so  that  the  current  will  continue 
to  fall  off  more  and  more.  In  this  latter  case  (with  the  storage 
battery  in  circuit)  the  current  does  not  merely  drop  to  zero,  but  a 
reversed  current  is  started  by  the  battery.  This  current  causes 
the  generator  to  build  up  in  the  opposite  direction,  and  then  both 
generator  and  battery  work  together  to  produce  current,  the 
battery  being  of  course  thereby  discharged.  The  point  P^ \  Fig. 
28,  shows  the  operating  conditions  in  this  case. 

The  difficulty  in  getting  a  series  generator  to  operate  at  the 
point  P,  iMg.  28,  and  so  charge  a  storage  battery,  is  due  to  the 
fact  that  when  the  circuit  is  first  closed  (current  then  equal  to 
zero)  the  generator  begins  operating  at  the  point  O^  Fig.  2Z,  and 
the  effect  of  the  battery  is  to  cause  the  generator  always  to  build 
up  in  such  a  direction  as  to  carry  the  operating  point  to  /^^,  thus 
discharging  the  battery  instead  of  charging  it.     Under  these  con- 


litions  the  battery  and  the  generator  work  together  to  produce 
Ji  excessive  current,  and  tlie  power  delivered  by  the  battery  and 
ty  the  generator  is  all  used  in  beating  the  circuit. 
When  a  street  car  is  coasting  down  hill  it  may  drive  the  scries 
which  are  geared  to  its  axles,  as  generators,  if  the  con-   ' 
lections  between  field  and  armature  are  reversed.     The  difficulty 
1  getting  these  dynamos  to  build   up  in  the  proper  direction  to 
E  the  line,  as  it  were,  thus  returning  power  to  the  system,  is 
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[>rcdscly  the  same  as  that  which  is  described  above.  The  line  voU- 
bctwccn  trolley  and  rail,  always  causes  the  series  machines 
to  build  up  in  the  wrong  direction  to  accomplish  the  desired 
result  The  action  which  does  lake  place  is  that  the  two  series 
build  up  as  generators  in  the  direction  such  as  to  help 
the  trolley  voltage  force  an  excessive  current  through  the  circuit 
iduding  the  machines  and  the  rheostats. 
The  curious  see-saw  action  of  a  scries  generator  which  supplies 
to  a  motor  of  which  the  field  magnet  is  separately  excited. 
doscly  related  to  the  above  described  behavior  of  a  series  gcn- 
cooncctcd  to  a  storage  battery.     Let  a  scries  gcnctator 
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driven  at  constant  speed,  supply  current  to  the  armature  of  an 
auxiiiarx'  d\-namo,  of  which  the  field  magnet  is  separately  exdted 
The  characteristic  of  this  auxiliar)''  machine  at  a  given  speedy  con- 
sidered as  a  recdxing  circuit,  would  be  the  straight  Hne  PPP^^^ 
Fig.  2^ ;  but  the  counter-electromotive  force  e  of  the  auxiliary 
machine  increases  and  decreases  with  the  speed  of  that  machine, 
so  that  the  line  PPf^  moves  up  and  down  as  the  speed  of  the 
machine  rises  and  falls.  WTien  the  circuit  is  first  closed  the  speed 
of  the  auxiliary-  machine  is  zero ;  e  is  zero,  and  tlie  series  gener- 


Flg.  29. 

ator  builds  up  to  the  point  Q\  Fig.  29,  sending  current  through 
the  armature  of  the  auxiliarv  machine.  This  current  causes  the 
auxiliary  machine  to  speed  up  as  a  motor,  thus  increasing  c.  This 
action  continues  until  the  straight  line  p p^ p^^'  rises  above  the 
point  Q,  Wg.  29,  and  does  not  intersect  the  positive  portion  of 
the  characteristic  of  the  series  generator.  Then  the  series  gen- 
erator immediately  loses  its  field  magnetism,  the  auxiliary'  machine 
continues  to  run  because  of  the  momentum  of  its  armature,  and, 
becoming  a  generator,  its  electromotive  force  c  now  starts  a 
reversed  current  through  the  circuit,  thus  causing  the  series  gen- 
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rnitor  to  build  up  in  tlic  reverse  direction.  During  this  time  the 
MixQiary  machine  is  acting  as  a  generator,  so  that  it  quickly  comes 
o  rest  as  the  kinetic  energy  of  its  rotating  armature  is  exhausted, 
lod  the  reversed  current,  which  is  now  maintained  by  the  reversed 
icries  generator,  starts  tlic  auxiliary  machine  in  the  reverse 
tircction  as  a  motor.  The  auxiliary  machine  then  speeds  up 
ntil  the  line  PFl^^  falls  below  the  point  C".  I''g.  29>  when 
the  scries  generator  again  loses  its  field  magnetism,  which  leads 

0  anotlier  reversal  as  before,  and  so  on. 

29.  Characteristics  of  the  shunt  generator.  — Tlie  experimental 
determinittion  of  the  characteristic  cur\'e  of  the  shunt  generator 

1  accomplished  in  essentially  the  same  manner  as  in  the  case  of 
jie  series  generator. 

The  full  line  curve.  Fig.  30,  is  a  typical  external  characteristic 
of  a  shunt  generator;  the  abscissas  represent  values  of  current 
delivered  to  the  receiving  cir- 
cuit, and  the  ordinates  rcpre- 
it  the  corresponding  values 
pf  the  electromotive  force  bc- 
the  generator  tcr- 
ninals.  The  upjxr  portion 
r  is  the  part  of  the  charac- 
lensdc  on  which  the  machine 
usually  operates  in  practice. 
The  internal  or  total  cliar- 
cts  thecur^'cof  wliich 
abscissas  represent  llie 
ll  current  /,  in  the  arma- 

,  and  of  which  the   ordinates  repreisciit    the  corresponding 
alues  of  induced  electromotive  f<ircc    /:,(=■  'ifZ'ii). 
Consider  a  [toint  P  oti  the  external  cliaracteristic,     The  cor- 
roding point  P'  on  tile  total  characteristic  ti  found  by  increas- 
b|{  the  abscissa  by   /.,    the  value  of  the  shunt  field  current,  and 
■cnasiag  the  ordinate  b>-  RJ^,  which  is  the  electromotive  force 
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Fit.  31. 


lost  in  overcoming  the  resistance  of  the  armature.  The  values  of 
/^,  corresponding  to  different  values  of  E^^  are  proportional  to 
^,(=  /,^J,    and   may  be  represented  by  the  abscissas  of  the 

straight  line  OC\  the  value 
of  RJ^  for  various  values  of 
/^,  may  be  represented  by  the 
ordinates  of  the  straight  line 
0B\  and  the  total  character- 
istic may  be  constructed  from 
the  external  characteristic  by 
first  increasing  the  abscissa 
of  each  point  P^  Fig.  30,  by 
an  amount  equal  to  the  cor- 
responding abscissa  of  the 
line  OCy  and  then  increasing 
the  ordinate  of  the  point  /"' 
so  reached  by  an  amount  equal  to  the  corresponding  ordinate  of 
the  line  OB,  thus  reaching  the  point  P*  on  the  total  charac- 
teristic curve. 

The  effect  of  residual  magnetism  upon  the  characteristic  cune 
of  a  shunt  generator  is  to  cause  the  e.xtemal  characteristic  to 
intersect  the  ampere-axis  to  the  right  of  the  origin,  as  shown  in 

Fig.  31. 

30.  The  ampere-ohm  characteristic  of  the  shunt  generator. —  For 

some  purposes  it  is  convx'nient  to  represent  the  current  output  of 
a  shunt  generator  as  a  function  of  the  resistance  of  the  receiring 
circuit  by  plotting  the  values  of  current  output  as  ordinates,  and 
the  corresponding  values  of  resistance  of  the  receiving  circuit  as 
abscissas.  Fig.  32  shows  a  typical  ampere-ohm  charaeteristic 
of  a  shunt  generator.  This  curve  may  be  derived  from  the  volt- 
ampere  characteristic,  Fig.  30,  exactly  as  in  the  case  of  the  series 
generator,  as  explained  in  Art.  27. 

31.  The  voltage-speed  characteristic  of  the  shunt  generator  at 
zero  load. —  The  relation  between  voltage  and  speed  of  a  shunt 


generator  is  more  complicated  than  in  the  case  of  the  series  gen- 
erator (with  given  current  output),  inasmuch  as  the  increase  of 
Hjwed  of  a  shunt  generator  involves  an  increase  of  lield  excitation. 
c  curve  showing  the  voltage  of  a  shunt  generator  as  a  function 
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r  speed,  at  zero  current  output,  may  be  derived  from  the  mag- 
netization cur^-c  of  the  machine  as  follows  : 

For  the  purpose  of  this  derivation  it  is  to  be  noted  that  if  hot!) 
the  speed  n  and  the  shunt  field  resistance  R^  are  imagined  to  be 
changed  in  tlie  same  ratio,  the  elcctromoti\e  force  ^,(->  t\  at 
>  load)  U'ill  also  be  changed  in  that  ratio,  inasmuch  as  this 
change  of  A^  and  R^  will  leave  the  shunt  field  current  £,R, 
unchanged,  so  tliat  <b  uill  be  unaltered,  and  /:,(—  ^.Z'n)  will 
vary  as  h. 

Ijct  the  curve  O.i,  Fig.  33,  be  the  magnetization  cur\'c  of  the 
■hunt  machine  for  a  gi^-cn  speed  it.  Draw  the  straight  line  0/i, 
r  which  the  abscissas  represent  values  of  the  shunt  field  current 
f^  and  the  ordinate?  represent  values  of  clectromolii-e  force, 
P^^,  required  to  pmduce  the  corresponding  values  of  /,.  The 
coordinates  of  the  point  of  intersection  of  OA  and  OB  will 
n  represent  the  v-alues  of  ^J— £^  at  leto  current  output)  and 
f^  when  the  machine  is  driven  at  (he  given  speed  «. 
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flfvalaes  of  ^^  od  die  vertical  fine  CD,  F«. 
gpwcB  value  of  ^,  as  uni^. 

The  finding  of  die  value 
of  iE.  for  a  speed  ^,  difltr- 
ent  from  ji,  ma^  be  most 
easil)r  explained  by  taking  a 
numerical  example.  Thus, 
let  it  be  required  to  find  the 
value  of  £.  for  a  speed  ii 
equal  to  fl/i.2.  As  a  first 
step  imagine  the  value  of  ^, 
to  be  increased  to  1.2  with- 
out change  of  speed.  Under 
diese  conditions  the  ortfi- 
nate  QP^  Fig.  33,  would 
be  die  value  of  £^.  Asa 
second  step  iinagine  this  in- 
creased value  of  R^  and  the 
original  speed  »  to  be  both 
decreased  in  the  ratio  1.2 
to  1.0.  This  would  bring 
R^  back  to  its  actual  value, 
and  It  uvn:!vi  rxxiuoe  ihc  value  of  E^^  namely  Q  f  ^  in  the  ratio 
i.^  to  1.0,  Thc^x^!oni^  the  required  \-alue  of  £^  at  speed  «' is 
I  i.j  times  O*-'^- 

I'^ii^.  54  shows  a  t>-pical  \x>ltage-speed  characteristic  of  a 
shunt  gencnitor  at  rcro  current  output.  If  it  were  not  for  the 
effect  of  the  residual  magnetism  this  voltage-speed  characteristic 
would  cut  the  sjx^ed  axis  at  .S,  Fig.  34.  The  speed  correspond- 
ing to  the  abscissa  of  ^^  is  called  the  critical  speed  of  the  given 
shunt  generator.  When  driven  at  a  speed  less  than  this  critical 
speed  the  shunt  generator  cannot  build  up  at  all. 

The  straight  line  0B\  which  is  tangent  to  the  magnetization 
*nirve  (speed  //)    OA^   Fig.  33,  at  the  origin,  intersects  the  line 
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'D  at  a  number  wliich  is  equal  lo  «  «"  win:n:  h"  is  the  lowest 
accd  (critical  speed)  at  which  the  given  «hunt  machine  can  build 
p  as  a  gciicratur. 


32.  Relation  between  the  magnetization  curve  of  a  shunt  dynamo 
and  its  total  characteristic  as  a  generator. — (a)  Oh  the  assumption 
that  tfu  iirtniiffiuti:i»g  attion  of  the  armature  current  is  negligible, 
-In  Fig.  35  the  magnetization  curve  OA*  of  the  machine  Tor 
B  given  speed  is  plotted  to  the  left  of  the  origin  of  coordinates ; 
prdinatcs  of  OA  of  course  represent  values  of  E^.  and  abscis- 
\  of  OA,  measured  ti>  the  left  from  0,  represent  \'alues  of 
ihunt  field  current  /,.  The  ordinatcs  of  tlie  straight  line  OB 
represent  values  of  RJ^. 

Consider  any  given  point  /'  on  the  magnetiiation  curve.     The 

SP   is  tlic  total    induced  electromotive  force    £_,    so 

il  the  point   P'  of  the  total  characteristic  which  corrctpond-s  to 

V,  lies  on  a  horizontal  line  dratra  through  P.     Draw  the  straight 

'  SC  of  which  the  absdsssis  measured  to  the  right  from  5  rep- 

3it  (/,+ ^,),   or  the  total  armature  current /,,  and  of  which  tlic 

latcs  represent  ihe  values  of  R,J^.     Now,  when    PS   it  the 

1  induced  electromotive  force,   QS  is  the  value  of  Eii^~RJ^, 


■  -r  /,  ( 


:  MaiiiicniU<J  In  Kijj,  35  fur  Itir  nke  of  dec 


cafCv  (xiad  by  dialing  a  kae  thiu^h  0  pirrflH  Id  SC;  tias 
hat  will  inccTscct  tiie  bonzocual  fiae  Aiuw^h  /*  M  die  dcarcd 
prx::;:  /^.  .\<iaeiotal  poias  on  tiic  total  '^""■f^T'^Tr^-'  cunT 
may  be  Wated  is  a  aamLar  manner. 

«^^  -.''.  as  ■>  Hg.  3;.     TV  o^oMcs  ef  ikc  ili»i|fcl  lae    (7^    F^  3<^  nyijt»l 

•'.'jrjfvia  un  gi'ts  pent  /*  oa  OB,  Fig.  jb.  TWabac^H  OS  ii  tkc  Ami 
b-;^  mrm:  /,  ud  -.^  ocdcBic  5/>  is  £,  It  B  ii-ifinJ  M  iad  ^  point  /* 
on  r.^i*  'jAii  dmadoiMic  ooR»|xnfiif  to  /*. 

\jfi  .VbelbepgnJiCTtrfinnBof  ■ntialheihiKfaM  'l  ii^  »d  fct  rfU  dw 
onn-.^  of  •icnagnrUiing  Ibtih  tB  the  ifilwt  ihiofh  cack  cf  slridb  Ac  a^at 
■mii^aic  carrntt  nuj  be  oooadcnd  10  flow.  Th^  Ike  act  fidd  rrrif  ttiw  is 
IX/.  —  Jf.)  impCTetuna,  irhidi  m>T  W  niUo  .%1A  — iirf/.*>  Therefcre 
|>K  actual  net  ftcld  nciutioo  and  Ibesctml  taloeof  £,  B  Am  sMkh  woaU  he  pn>- 
AaceA  \ri  »  bM  cmaa  afoMi  10  l/.  —  /^f.V)  actiiv  aloae :  or.  a  olka  voxlv 
the  diiunce    QF,"    Fig.  j6.  is  eqol  lo    />/.V,     /»   briai  ««  mAmon  poiid 

> />.   rBihiiiwii.  ihi  ■■ii—ii  iif  r 
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■Tcnone  £.,  >o  thm  lh«  diilance  QP  is«quil  lo  £.  — E,  orta  R^l^  Now 
b  u  fct  UDknowD,  liul  lilnce  PQ  =  f!J.  and  QP^—t^jy  ll  U  eviileni  Ihsl 
'  diRction  <A  Pf  is  indepFodcnl  of  /..  la  t*a  the  direction  or  PP"  mar  be 
«  bi  mil  ilctcrmincd  by  Uying  off  /*.!/  equal  10  A',/,  and  il/jV  equil  ta 
7.V  for  ■ay  afbilrarr  ralue  of  /^  The  lini  P/V  then  fiica  the  dlreclion  of 
f,  ami  Ihe  poinc  P"  a  found  u  the  inierscction  of  P.V  and  0/4,  ai  iboirn  la 
I  figure. 

Ha*inR  thus  determined  Ihe  poim  J",  ihe  poial  /"  on  the  lotal  characleriilic 
iMl  cinreiponds  to  the  choten  point  /',  ll»  in  a  horiiorilal  line  dnwo  thraugh  /"*, 
I  (he  abidua  of  /*    i»  detemiiied  by  the  cundilioo  thai  the  cDticspoDding  otdl-  '-- 
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'termlned  b 
I  a  line  will 


it  ot   SC  Aall  l»  *i|Wil  to   P0{^  /'./.I.      The  point   /"  thot 

M  wily  bxaird  b}  dnwiti);  a  tine  rhrougb  P  parallel  to  SC.     i 

•nact  the  botitonlal  line  ihtough   /**  at  the  desired  point    /**. 

The  talue  o(  J  n  n^ual  to    ta/ido  'Z/f',   where  s  ii  the  angle  of  forward  lead 

aftbe  hnnbei  iti  dcKtr^  X  a  tbr  numbrt  of  umaturv  indticton  and  /'   ii  the  ntim- 

W  tl  path*  in  paialld  hrlWRO  the  tsuiihes. 

33.  Examples  showing  applications  of  die  external  characteria- 
Iks  of  a  shunt  generator.  —  The  point  of  a  chai^ctcristic  curve  at 
which  a  shunt  general.. r  operates  U  the  point  at  which  the  gen- 
erator characteristic  is  intersected  by  the  receiving  circuit  charac- 
feerisbc,  exactly  as  in  the  case  of  the  series  generator. 

The  curve  OA,  Fig.  37.  is  the  external  characteristic  of  a 
shunt  generator,   OS  is  the  characteristic  ofa  given  r 
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ing  circuit  containing  resistance  only,  and  the  point  P  lepresenls 
the  operating  conditions  of  the  generator  when  su{^l3dng  current 
to  the  given  receiving  circuit     When  the  resistance  i?^    of  the 

receiving  circuit  is  incieased 
the  angle  0  increases,  becom- 
ing 90^  for  an  infinite  value  of 
R^  that  is,  when  the  receiv- 
ing circuit  is  open.  When  R^ 
is  decreased  more  and  more 
the  current  at  first  increases  to 
an  excessive  value  and  the 
terminal  voltage  falls  off  be- 
cause of  armature  drop  RJ^ 
because  of  the  decreased  fidd 
excitation  which  accompanies 
•'  the  decrease  of  terminal  volt- 

age, and  because  of  the  demonetizing  action  of  the  current  in  the 
armature.  WTien  the  field  excitation  has  been  reduced  consider- 
ably, the  excessive  demagnetizing  action  of  the  armature  current 
begins  to  overpower  it  and 
the  terminal  voltage  and  cur- 
rent both  fall  in  value. 

When  R^  is  zero,  that  is 
when  the  brushes  of  the 
shunt  generator  are  con- 
nected by  a  short  thick  wire, 
then  the  voltage  between  the 
brushes  is  zero,  the  field  cur- 
rent is  zero,  and  the  only 
current  flowing  through  the 
armature  and  the  short  cir- 
cuit between  the  brushes  is 

the  current  which  is  due  to  the  residual  magnetism  of  the  field 
met  of  the  machine. 


Fie.  38. 


The  curve  OA,  Fig.  38.  is  the  external  characterisbc  of  a  given 
•hunt  generator,  the  line  /iC  is  the  characteristic  of  a  receiving 
circuit  consisting  of  a  storage  batterj*  of  \*hich  the  counter  clcctni- 
motive  force  is  <■  volts,  and  F  is  the  point  which  represents  the  con- 
ditions of  operation  of  tlie  generator  wlien  charging  the  battery. 
Before  the  battery  circuit  is  connected  to  the  generator,  the  gen- 
erator is  aUowed  to  build  up  and  reach  the  point  /-"  of  its  char- 
acteristic. When  the  battery  is  connected  the  current  output 
quickly  increases,  the  terminal  voltage  falls  oiV  shghtly.  and  the 
ninning  conditions  represented  by  the  point  P  are  quickly  estab- 
lished. No  difficulty  is  encountered  in  charging  a  storage  battery 
by  means  of  a  shunt  generator. 

Two  shunt  gtneralors  in  parallel. — The  curves  OA  and  OB, 
pig.  39,  are  the  external  characteristics  of  two  different  shunt 

merators.  The  curve  OB  is  plotted  to  the  left  of  the  origin 
1  its  current  output  mea-surcd    to  the  left  for  convenience. 
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two  generators  arc  connected  in  parallel  to  a  receiving 
ircuiL  L'ndcr  these  conditions  the  terminal  voltage  must  be  the 
for  both  generators.  Therefore,  if  the  two  machines  to- 
T  deliver  a  specified  current,  this  current  i*  divided  between 
machines  in  such  a  vt-ay  as  to  make  thdr  Icnninal  voltages 
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equal.  Suppose,  for  example,  that  the  combined  current  ou^ 
of  the  two  machines  is  lOO  amperes,  then  the  points  Pand  P  at 
which  the  two  machines  operate  are  determined  by  the  two  con- 
ditions :  (a)  their  ordinates  must  be  the  same,  and  {S)  the  distance 
PP  must  represent  loo  amperes.  In  order  that  each  machine 
may  always  deliver  half  of  the  total  current,  (yP  must  always 
be  equal  to  (yP^  that  is  the  two  characteristics  must  be  exacdy 
alike.  Fig.  39  shows  the  characteristics  of  two  shunt  gener- 
ators of  which  the  terminal  voltages  are  equal  at  no  load.  Fig. 
40  shoM^  the  characteristics  of  two  shunt  generators  of  which  the 


Current  oat  pat  of  B 


Carreat  onfpat  of    A 


Fie.  40. 

terminal  voltages  are  unequal  at  no  load.  The  dotted  extension 
of  each  characteristic  corresponds  to  motor  action,  that  is  to  nega- 
tive current  output,  or,  in  other  words,  to  current  flowing  through 
the  machine  in  opposition  to. its  induced  electromotive  force.  In 
this  case  the  two  machines  operate  at  the  point  P'  when  they  arc 
connected  in  parallel  and  give  a  combined  current  output  of  zero ; 
machine  B  acts  as  a  generator  giving  out  a  current  equal  to 
P^C  and  this  current  flows  backwards  through  machine  A 
which  of  course  acts  as  a  motor. 
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Wlicn  tlic  combined  current  output  of  A  and  Ji  is,  say.  50 
ipcrcs.  then  tlic  two  operating  points  P  and   /'  have  equal 
jrdinates  and  the  distance    /V    represents  50  amperes. 

34.  Characteristic  of  the  compound  generator.  —  The  comprmnd 

dynamo  hns  bwn  heretofore  treat<:d,  both  as  a  generator  and  as  a 

motor,  ;is  a  motiification  of  the  shunt  dynamo  and  there  is  no 

tlie  present  instance  to  discuss  the  compound  generator 

lutcly.     Fig.  41  shows  a  typical  external  characteristic  of  an 
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over-compounded  generator  of  which  the  temiinal  vr>luge  rises 
witli  increase  of  current  up  to  and  beyond  full  rated  U>ad. 
:  rapid  fall  of  terminal  voltage  in  the  dotted  portion  of  the 
curve  is  due  to  the  great  demagnetizing  action  of  the  current  in 
the  armature,  to  internal  drop  K^  /,+  ^,/,,  and  to  the  decrease  of 
tiiat  part  of  the  Rcld  excitation  which  is  due  to  the  shunt  lield 
winding. 

Armature  eharaeteristk,  Calmlation  of  the  tiumifr  nf  strifs 
fieid  turns  /or  contponmiitiff.  («)  Flal-^ompouniiin^.  —  Consider 
k  given  shunt  generator  driven  at  constant  speed  and  having  a 
temnnal  voltage  equal  to  1 10  volts  when  the  current  output  is 
L'ndcr  these  conditions  the  field  excitation  in  ampere-turns 
s  a  definite  value.  Let  the  current  output  of  the  generator  b 
1  more  and  more  ;  let  the  field  rheostat  be  manipulated  » 
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as  to  keep  the  terminal  voltage  of  the  machine  constant ;  and  let 
corresponding  values  of  armature  current  /,  and  of  shunt  field 
current  /  be  observed.  The  field  excitation  corresponding  to  any 
particular  value  of  /^  is  NI^  ampere-turns,  wHere  iV  is  the  number 
of  turns  of  wire  in  the  shunt  field  winding.  A  curve  may  now  be 
plotted  using  observed  values  of  /^  as  abscissas  and  corresponding 
values  of  NI^  as  ordinates  as  shown  in  Fig.  42.  This  cur\'e  is 
called  the  armature  characteristic  of  the  given  generator. 

From  this  armature  characteristic  the  number  of  turns  of  wire 
required  in  the  series  field  w^inding  for  flat-compounding  may  be 
determined  as  follows  :  Consider  the  full  load  armature  current 
represented  by  Oc,  Fig.  42,  for  which  a  total  field  excitation 
ac  IS  required.  Of  this  total  field  excitation  the  shunt  field 
winding  supplies  the  amount  bc^  inasmuch  as  the  terminal  volt- 
age of  the  generator  is  constant  Therefore  the  series  field  wind- 
ing must  supply  the  portion  ab  of  the  field  excitation,  and  the 
required  number  of  series  field  turns  may  be  found  by  dividing 
the  ampere-turns  represented  by  ab  by  the  current  represented 
by    Oc    (for  the  long-shunt  compound  generator). 

(/;)  Ovcr-compoundiug. — The  following  numerical  example  illus- 
trates sufficiently  the  calculation  of  over-compounding.  The  shunt 
field  winding  of  a  certain  12.1  kw.  bipolar  generator  supplies  the 
4,000  ampere-turns  of  field  excitation  required  to  give  a  terminal 
electromotive  force  of  i  10  volts  at  zero  current  output.  When 
the  current  output  is  100  amperes,  a  field  excitation  of  5,800 
ampere  turns  is  required  to  give  121  volts  between  generator 
terminals  (10  per  cent,  over-compounding).  On  account  of  the 
increase  of  terminal  voltage  from  no-load  to  full  load,  the  shunt 
field  winding  supplies  {^^  X  4.000  =  4,400  ampere  turns  at  full 
load.  Therefore  the  scries  field  winding  must  supply  1,400  am- 
pere-turns, and  the  scries  winding  must  consist  of  14  turns  of  wire. 

CHARACTERISTIC    CURVES    OF    MOTORS. 

35.  Experimental  determination  of  speed-torque  characteristic 
of  a  motor.  —  The  characteristic  curve  of  a  generator  is  definite 
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Mtly  when  certain  of  the  mechanical  conditions  of  driving  are 
Thus  wc  might  have  a  characteristic  relation  between 
he  current  output  ami  electromotive  force  of  a  generator  driven 
by  an  invariable  torque,  or  of  a  generator  driven  at  invariable 
speed.  The  tatter  condition  nearly  always  occurs  in  practice; 
that  is  to  say,  electric  generators  are  usually  driven  at  an  a|>prox- 
imatelyconstant  speed.  Therefore,  the  only  important  ij'pe  of  gen- 
erator characteristic  is  tliat  which  corresponds  to  constant  speed. 
On  the  other  hand,  the  relation  between  the  speed  of  a  motor 
md  the  torque  developed  by  it  is  definite  only  when  certain  ol 
flic  electrical  conditions  of  driving  are  constant.  Thus  wc  may 
uve  a  characteristic  relation  between  the  speed  and  torque  of  a 
Dotor  which  is  supplied  either  with  an  invariable  current,  or  with 
current  from  constant  voltage  mains.  The  latter  condition,  or  an 
aijiproximation  to  it,  usually  occurs  in  practice,  and,  therefore,  the 
most  important  type  of  motor  characteristic  is  that  which  corre- 
^Minds  to  constant  impressed  electromotive  force. 

The  spted-tor(]uc  characteristic  of  a  motor  may  be  determined 
experimentally  as  follows  :  Provision  is  made  for  supplying  the 
Wtor  current  from  constant  voltage  mains.  The  motor  is  loaded 
y  means  of  a  Prony  brake.  The  load  is  varied  through  a  wide 
tnge  by  adjusting  the  brake,  and  corresponding  values  of  speed 
md  torque  are  ohscr\'cd.  The  observed  speeds  arc  then  plotted 
s  ordinatcs,  and  tlic  corresponding  values  of  the  observed  torques 
plotted  as  abscis.sas. 

An  interesting  characteristic  curve  of  a  motor  is  the  torque- 

iirrcnt  curve  at  standstill.     This  curve  may  be  determined  cx- 

icntally  by  fixing  a  lever  to  the  motor  pulley  and  observing, 

neans  of  a  spring  dynamometer,  the  pull  at  the  end  of  this 

r  for  various  values  of  armature  current     The  product  uf 

B  observed  pull  into  the  lengtli  ol  the  lever  arm  gives  the  value 

r  the  ti>rquc  and  the<ie  values  are  to  be  plotted  as  ordinatcs  and 

M  corrcspondtng  currents  as  abscissas.     This  stationary'  torque 

s  tile  running  torque,  for  a  given  value  of  field  excitation 

d  ^vcn  value  of  the  armature  current,  b)*  the  amount  of  torque 
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required  to  overcome  friction  and  windage,  and   to  supply  the 
eddy  current  and  hysteresis  losses  in  the  armature  core. 

36.  Typical  examples  of  series  motor  characteristics.  —  (ai 
Scries  motor  supplied  with  current  from  constant  voltage  mains. — 
Fig.  43  shows  a  typical  speed-torque  characteristic  of  a  series 
motor  supplied  with  current  from  constant  voltage  mains.  When 
the  speed  is  zero  the  counter  electromotive  force  of  the  motor 


^NHrf 


Spted 


is  zero ;  the  current  through  the  motor  is  then  very  large,  and 
since  this  current  flows  through  the  field  winding  of  the  series 
motor,  the  field  excitation  is  large.  Therefore  the  flux  "!>  is  !ai^, 
and,  according  to  equation  (25)  Chapter  IV.,  the  torque  is  very 
large.  As  the  motor  speeds  up  its  counter  electromotive  force 
increases,  the  current  decreases  and  the  torque  decreases.  When 
the  motor  is  unloaded  its  speed  becomes  excessive,  and  the  torque 
drops  to  the  value  which  is  necessary  and  sufficient  to  overcome 
friction,  and  windage,  and,  in  addition,  to  supply  to  the  armature  the 
power  lost  in  the  armature  core  by  hysteresis  and  eddy  currents. 

The  portion  cd  of  the  characteristic  is  the  only  portion  used  in 
practice,  inasmuch  as  the  excessive  current  which  flows  through 
the  motor  at  low  speeds  would  produce  destructive  heating,  and 
the  excessive  speeds  at  light  loads  are  dangerous, 

W)  Soil's  mottir  suppltid  luitlt  constant  current.  —  Fig.  44 
shows  a  typical   speed-torque   characteristic  of  a  scries   motor 
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uppljcd  witii  constant  current.  In  this  case  the  torque  is  con- 
ant  irrespective  of  the  speed  and  the  characteristic  is  a  straight 
[jc  parallel  to  the  axis  of  speed.  This  constancy  of  torque  is 
ridcnt  when  we  consider  that  constancy  of  current  implies  con- 
ancy  of  field  excitation  in  a  series  motor,  and  therefore  constancy 
'  flux  4>,  so  that  the  torque  is  constant  according  to  equation 

25),  Chapter  IV. 
(f)  StriiS  motor  iupplicd  with  constant  current  at  Imv  speeds 

Mid  connected  to  constant  voltage  mains  when  lite  speed  reaches  a 

trtain  voIhc. — These    are    the 

ondidons  which  obtain  in  a  rail- 

uray  motor.     When  the  car  is 

Btartcd  a    large  resistance  is   in 

Ties  Mith  the  motor,  and  as  the 

ir  speeds  up  this  resistance  is 

lowly  cut  out  so  as  to  keep  the 

airrent  approximately   constant 
t  the  greatest  value  that  is  con- 

idcrcd  permissible  without  over- 

teating  tlie  motor.     When  this 

esistance  is  all  cut  out,  the  cur- 

ent  begins  to  fall  off  inasmuch   as  the  approximately  constant 

roltage  between  trolley  wire  and  ntil  is  opposed  by  an  increasing 

counter  electromotive  force  in  the  motor.    The  speed-torque  char- 
c  of  a  railway  motor,  under  the  above  conditions,  is  a  com- 
tation  of  the  cur\'cs  shown  in   Figs.  43  and  44.     A  typical 

xamplc  of  a  speed-torque  characteristic  of  a  railM'ay  motor  is 

faown  in  Fig.  45. 

Two  rigidly  coHplid  scries  motors  connected  in  serin. — When 
wo  similar  series  motors  arc  connected  In  .icrics  to  supply  mains 

iRdsely  the  same  current  flo^ra  thiough  Imth,  and  therefore  they 

Jvays  develop  nearly  the  same  torc)ue  whether  their  speeds  are 

Jllce  or  not.     If  the  tw<»  motors,  so  connected,  are  coupled  to- 
r  mechanically,  they  run  at  the  .same  speed,  and  they  share 
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IBB  state  €m  wuinob- 

of  an  electric  car  as 

cols  ont  ttc 

ana  one  oi  ne  bohms  b  lUDcqr  id  sbuc  tiie  _wDcni 
of  ib  track  sifipag.  The  a|ict.d  of  this  miitm  diien  bcicbcs 
gicatijr,  its  umiiiffr  <  hi  tnnButwc  fciiie  Bcrcaacs^  and  the  cutmt 
thiuf^h  both  iiMitws  <lrrir^ses^  thos  iwhw  wg  not  ooljf  tihetoii|iie 
of  the  sBnig  mntiw  Imt  the  luii|iic  of  the  cither  hw^'^w  as  vdL 
The  icsnlt  is  that  the  speed  of  the  car  fidb  off  mdcss  the  motor- 
man  quickly  throvs  ia  ntore  icsisbnioe  so  as  to  rednoe  the  cur* 
fcnt  and  torque  soflkicnthr  to  cndile  the  aJ^iping  whcds  to 
adhere  to  the  rails  again.  ThecarviD  then  speed  up  and  Ae 
startmg  resBtanoc  may  be  slofvly  cnt  oqL 

TiLHf  rigidh  cam fliC J  strips  matiaws  C9mm£€ied  m  pmraOtL — Whoi 
two  series  motors  vfaich  are  oooplcd  together  mechanically  aie 
connected  in  paralld  to  siqiply  mainsw  they  dare  the  total  load 
with  ao3n?ximare  eQuaIit\'  unless  the  machines  are  \^ts^  dissimi- 
lar.  Any  sli^rh:  increase  oi  current  thxx>ugh  one  motor,  due,  for 
example  to  a  slight  cenciency  in  the  counter  electromotive  force 
of  that  motor,  causes  an  increased  field  excitation,  and  an  in- 
creased counter  electromotive  force  which  tends  to  pre\'ent  the 
increase  of  current.  It  is  instructive  to  contrast  with  this  the 
beha\nor  of  mechanicallv  coupled  shunt  motors  connected  in 
parallel,  as  described  in  the  next  article. 

37.  Typical  examples  of  shimt  motor  characteristics. — {a)  Skmt 
motor  sup plitd  zcith  current  fro:n  constant  voltage  mains. — This 
is  the  condition  under  which  shunt  motors  are  alwavs  used 
in  practice,  except  that  certain  mc»difications  are  introduced  by 
the  use  of  a  rheostat  in  series  with  the  armature  at  starting. 
These  modifications  are  described  under  (^).  It  has  been  pointed 
out  in  Chapter  IV.  that  the  shunt  motor  when  supplied  with  cur- 
rent from  constant  voltage  mains,  runs  at  a  speed  which  fells  off 
slightly  A%ith  increasing  load    A  tj-pical  speed-torque  character- 


tic  of  a  shunt  motor  is  shown  in  Fig.  46.  The  equation  to  tliis 
Urve  may  be  obtained  by  eliminatintj  /,  between  equations  (23^). 
1  (35),  Chapter  IV'.;  4>  beiny  assumed  constant,  the  resulting 
quation  is  the  equation  to  a  straight  line.  The  clTect  of  the 
emagiietizing  action  of  the  armature  current  is  to  cause  the 
peed  to  (all  off  less  with  increasing  torque  than  would  other- 
iriae  be  tlie  case,  as  explained  in  Art.  60.  Chapter  IV. 
(i)  ShuHl  motor  siarhd  by  a  starting  rluosUU.  —  /Vs  explained 
Art  59,  Chapter  IV..  the  shunt  motor  (supplied  with  cur- 
ait  from  constant  voltafje  mains)  is  started  by  first  connecting 
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ts  field  winding  direct  to  the  mains,  and  then  connecting  its 
to  the  mains  through  an  auxiliar>'  resi^itance  which  is 

ilowly  cut  out  as  the  motor  speeds  up.       The  ideally  correct 

Bianipulation  of  the  starting  rheristat  wtiuld  be  that  which  keeps 
le  armature  current  consunt  until  full  sj«ed  is  reached.     This 

ivould  produce  a  constant  torque  from  the  beginning  to  the  end 
the  starting  pmccfs,  tno-imuch  as  the  field  excitation  of  the 
rtor  is  invariable.  The  vertical  straight  line  in  Fig.  47  rcprc- 
ifci  the  ideal  staru'ng  characteristic  of  a  shunt  motor.    The  start- 

Ig  and  accelerating  torque  T  may  be  made  large  or  small  at  will. 
To-v  rigidh  fouf/ed  sUmhI  mift^rs  in  s^rii-t.—Two  similar  shunt 
itors  coupled  together  mechanically  operate  salisfactunly  and 

ivide  a  load  equally  wlicD   their  armatures  are  connected  in 
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series,  provided  the  shunt  field  winding  of  each  machii 
nected  directly  to  the  supply  mains.  If  the  shunt  field 
are  designed  for  the  voltage  of  the  supply  mains  they  should  of 
course  be  connected  in  parallel  to  the  mains  ;  jf  they  are  designed 
for  half  of  the  supply  voltage  they  should  be  connected  in  series. 
Of  course  the  speed  of  the  motors  will  be  only  half  of  what  it 
would  be  if  the  full  supply  voltage  were  to  be  applied  to  the  anna- 
ture  terminals  of  each  machine. 

Two  rigidly  coupled  shunt  motors  in  paralUL — When  two 
shunt  motors  which  are  coupled  together  mechanically,  are  con- 
nected in  parallel  to  the  supply  mains  (that  b  when  the  anna* 
tures  are  connected  in  parallel,  the  field  windings  being  connected 
directly  to  the  mains),  a  very  slight  dissimilarity  between  the  two 
machines  causes  a  great  inequality  in  the  distribution  of  the  total 
load  between  them.  This  is  due  to  the  fact  that  a  slight  increase 
of  current  through  one  armature  causes  a  decrease  of  the  counter 
electromotive  force  in  this  armature  by  its  demagnetizing  action, 
and  this  tends  to  further  increase  the  current  through  this  arma- 
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ture.  At  the  same  time  the  decrease  of  current  through  the 
other  armature  causes  its  counter  electromotive  force  to  increase 
thus  tending  to  reduce  the  current  still  more.     That  is,  any 
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Jight  dissimilarity  between  the  two  shunt  motors  is  greatly  ex- 
iggerated  in  its  effect  upon  the  distribution  of  load  between  the 
wo  machines  by  these  internal  electromagnetic  actions. 

It  is.  instructive  to  show,  by  means  of  the  speed-torque  curves 
)f  two  shunt  motors,  how  a  given  load  will  be  distributed  between 
tliem.  Thus  .-1.4  and  BB,  Fig.  48,  are  the  speed-torque  curves 
of  two  shunt  motors,  the  curve  BB  being  drawn  to  the  left  of 
the  origin.  The  dotted  portions  of  JlA  and  BB  correspond 
to  generator  action.  When  the  two  motors  are  coupled  together 
mechanically  their  .speed  is  the  same.  Under  these  conditions  a 
.given  total  torque  P'/'  is  shared  unequally  by  the  two  motors 
{P'C=  torque  of  S,  and  PC  =  torque  ot  A)  unless  the  two  mo- 
tors arc  exactly  alike. 

38.  Series  motor  characteristics  as  used  in  electric  railway  engi- 
neering. —  The  characteristics  of  a  motor,  supplied,  for  example, 
from  constant  voltage  mains,  may  be  expressed  not  only  in  terms 
of  speed  and  torque,  but  also,  if  desired,  in  terms  of  speed  and 
current,  or  in  terms  of  torque  and  current,  inasmuch  as  a  definite 
value  of  current  always  corresponds  to  a  given  torque  or  to  a 
given  speed. 

Fig.  49  shows  the  characteristic  of  a  single  railway  motor 
expressed  in  terms  of  speed  of  car  in  miies  per  hour  and  current 
.taken  by  the  motor.  The  speed  of  the  motor  in  revolutions  per 
second  bears  a  definite  ratio  to  the  speed  of  the  car  in  miles  per 
;  this  ratio  is  known  when  the  gear  ratio  and  size  of  car 
wheels  are  known. 

Fig.  50  shows  the  characteristic  of  a  single  railway  motor  ex- 
pressed in  terms  of  tractive  elTort  and  current  taken  by  the  motor. 
The  tractive  effort  bears  a  definite  relation  to  the  motor  torque  ; 
piis  relation  is  known  when  the  gear  ratio,  size  of  car  wheels,  and 
motor  friction  are  known. 

The  speed-current  and  tractive  effort-current  characteristics  of 
eries  motors  are  of  great  importance  in  electric  railway  engineer- 
Bg,  since  by  their  means  the  details  of  performance  and  power 
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lonsumpdon  of  an  electric  car  or  train,  with  a  given  equipment  ] 
motors  may  be   predetermined  ;    or  conversely,   with  given  f 
ichcdiilc  and  road-bed,  a  proper  selection  of  motors  for  the  given 
service  conditions,  may  be  made. 

The  following  example  iilustrates  the  application  of  series 
motor  characteristics  to  the  calculation  of  the  amount  of  power 
delivered  to  the  car  wheels  by  a  given  motor  equipment,  and  the 
efficiency  obtained  under  specified  conditiuns. 

Example.  —  A  fifteen  ton  car  is  cqui]>pcd  with  two  similar  scries 
motors  of  which  the  characteristic  curves,  witli  500  volt  supply 
(no  starting  resistance  in  circuit),  are  shown  in  Figs.  49  and  50. 
With  the  motors  connected  in  parallel  the  car  travels  at  a  uni- 
Ibrm  speed  of  fifteen  miles  per  hour  up  a  6.25  per  cent  grade. 

5  required  to  lind  the  current  taken  by  each  motor,  the  total   , 
tractive  crti>rt  developed  by  both  motors,  the  total  power  delivered 
to  both  motors,  the  net  power  represented  by  tlie  total  tractive 
cflurl  at  the  given  speed,  and  the  efficiency  of  the  car  equipment 
tinder  the  specified  conditions. 

Solulitm  —  From  the  curve  in  Fig.  49  we  find  the  current  per 
motor  corresponding  to  fifteen  miles  per  hour  to  be  80  am|M.'res, 
•o  that  the  total  current  delivered  to  the  car  is  160  amperes, 
which  at  500  Volts  rcprtsents  a  power  input  tjf  80  kilowatts. 
From  the  curve  in  Fig.  50  we  find  the  c()rres[>onding  tractive 
efl(>rt  per  motor  to  be  1.125  pounds,  so  that  the  total  tractive 
eflbrt  is  3,250  pounds.  The  power  in  kilowatts  represented  by 
this  tractive  eflbrt  at  the  given  speed  is  the  total  power  delivered 
f  the  two  motors  to  the  car  wheels,  and  is  found  to  be  : 


~«67.I4  kilowatts 


2^50  X  15  X  s.^      746 

3,600  550      1,000  ~ 

The  efficiency  is  67.14/80,  which  is  0.8393  or  83.93  per  cenL 


APPENDIX  C 

ARMATURE  WINDINGS. 

39.  Classification  of  armatme  windings.  —  Armatures  may  be 
classified  viith  respect  to  the  position  and  arrangement  of  the 
windings  on  the  armature  core,  as  (i)  ring  armatures,  (2)  drum 
armatures,  and  (3)  disk  armatures.  These  names  were  origi- 
nally applied  in  \iew  of  differences  in  the  external  appearance  of 
the  armatures,  but  the  distinction  here  intended  refers  to  essential 
differences  of  the  windings  of  wire  on  the  armature  core.  Thus, 
in  many  modem  dynamos  of  large  size  the  armature  has  a 
diameter  many  times  as  g^eat  as  its  length  parallel  to  the  shaft, 
and  the  armature  core,  and  to  a  certain  extent  the  finished  arma- 
ture, has  the  appearance  of  a  ring ;  but  whether  the  armature  is 
to  be  classed  as  a  ring  armature  or  a  drum  armature  is  determined 
solely  by  the  arrangement  of  the  windings. 

1.  A  ring  annature  is  one  in  which  a  ring-shap)ed  core  of 
laminated  iron  has  the  windings  placed  upon  it  in  the  form  of  a 
helix  as  shown  in  Fig.  17,  Chapter  11. ,  and  in  Fig.  41,  Chapter 
II.  The  helical  form  of  the  winding  in  Fig.  41  does  not  show 
clearly  for  the  reason  that  the  windings  are  grouped  together  in 
coils,  but  these  coils  are  connected  to  each  other  so  as  to  con- 
stitute a  continuous  helix.  A  ring  armature  may  be  used  in 
connection  with  a  two-pole  field  magnet  as  shown  in  Fig.  17,  or 
with  a  multipolar  field  magnet  as  shown  in  Fig.  22.  The  simple 
ring  windiiiL^  is  sometimes  called  the  helical'^  winding. 

2.  A  druDi  an)iaturt\  as  used  for  a  bipolar  field  magnet,  is 
one  in  which  a  cylindrical  core  of  laminated  iron  has  the  wire 
wound  len<4thwise  (parallel  to  the  shaft)  on  the  outside  surface  of 
the  core,  and  diametrically  (nearly)  across  the  ends.      In  a  drum 

*The  term  '♦  spiral,"  frequently  used  to  designate  this  type  of  winding,  is  a  mis- 
nomer, 
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armature  for  a  multipolar  field  magnet,  the  wire  is  wound  length 
wise  on  the  outside  surface  of  tlie  core  and  across  the  ends  along 
chord.1  of  nearly  90°  for  a  4-po!e  field  magnet,  along  chords  of 
nearly  60°  for  a  6-pole  field  magnet,  along  chords  nf  nearly  45° 
for  an  8-[Wile  field  magnet,  and  so  on.  The  essential  difference 
between  the  drum  armature  and  the  ring  armature  is  that  in  the 
drum  amiaturc  tlicrc  are  no  return  conductors  in  the  interior  of 
the  core  ;  but  each  conductor  on  the  outside  surface  of  the  core 
is  connected  to  a  return  conductor  which  is  also  on  the  outside 
surface  and  nearly  360°//  from  the  first  conductor,  where  />  b 
the  number  of  field  poles ;  whereas,  in  the  ring  armature  each 
outside  conductor  is  connected  to  a  return  conductor  on  the 
inside  of  the  ring. 

(])  Diit  armalurii.  — Th«  cbaraclnHslic  fMlure  oT  rhe  disk  •rmilurc  is  ihal  ibe'  j 
coodtKton  aie  artin);?!!  in  «  plane  like  Ihe  ip»kn  (if  ■  wheel.     Tliese  cnndiKlon  I 
>*«  between  two  at  mote  pain  ot  op|s»irc  magnel  |iole»  which  tuce  ac'ti  ulher  on    T 
fmdte  ildej  or  bcei  of  Ihe  iliik-like  iniutiire.     Tbew  i*diat  wires 
Uwir  inner  ends  in  ibe  umc  manner  u  are  the  end*  of  (he  conilacion  of  a  drum 
^nd  of  llie  armalure,  and  the  outer  ead<  of  ihe  ndi*l 
lecteil  lo  each  other  in  Ihe  tame  niannrr  ai  aie  Ihe  cndi  of  the  cim- 
dacton  of  a  drum  atmaluic  *l  the  eml  of  the  aniialute  ojipntlle  to  Ihe  coDimuUlor. 
Diali  an  alure*  are  icldain  uied  nowaday!  in  American  praclicc. 

The  drum  winding  is  the  tj*pe  which  is  most  used.  The  great 
ad\-anrage  of  tlje  drum  winding  is  that,  having  no  conductors 
which  [lass  through  the  interior  of  tlie  armature  core,  it  is  possi- 
ble to  wind  the  armature  coils  on  forming  Sjxiols,  tipc,  varnish, 
and  bake  them,  and  slip  them  into  place  on  the  armature  core  as  j 
shown  in  Figs.  48  and  49,  Chapter  II. 

Open  and  doeed  coil  armatures.  —  In  most  direct  c 

the  winding  con^ilutes  a  closed  circuit  of  wire  as  in  | 
the  simple  ring  winding  shown  in   Fig.  17,  Chapter  11.     Such 
armatures  are  called  rhseii  foil  armuturts.     In  some  direct  cur- 
armatures,  for  example,  the   armatures  of  the  Hru^h,  the  J 
Thomson -Houston,  and  the  Westinghousc  arc  light  generators,  J 
'and  in  the  armatures  of  most  alternators,  the  uindings  do  not  con- 1 
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Sodi  aimalarcs  aiecallcdig^ 
ibmi  of  open  oofl  aimaititf^  far  t 
m  represenbed  m  F^.  21,  Chapter  IL, 
tMMu  of  wire  witli  its  ends  connected  to  Ac 
of  A  two  pBurt  i  imwmiLtfMJf . 
Closed  cnfl  ^umnics  afavays  give  a  mucfa  steadier  cumnt 
than  open  coS  anaatnres^  and  tiiqr  Invea  smaller  tendenq'tD 
sparidsgat  tbe  tmalies. 

— That  portion  of  the  dement  of  an  amutmc 


which  actually  cuts  the  lines  of  fbice  as  Ae  annatue 
and  in  which  cfcuiumotive  ibrce  is  induced,  is  called  an 
Thus  the  mdndoffs  on  a  lii^  armature  consist  of  the 
aUdi  lie  on  the  out'sulp  sm&oe  of  tlie  ring.  The  wires 
Ee  on  die  interior  df  die  rii^  cut  no  Ines  of  force,  and  are 
dierefore  not  indnctDrs ;  they  serve  only  as  return  paths  for  the 
electric  current  In  die-drum  armature  die  .inductors  are  the 
straight  wires  lying  on  the  sur&ce  of  die  core  parallel  to  die 
shaft.  The  er.d  connections  between  inductors,  including  those 
portions  of  the  str3Lii:ht  uires  projecting  be}"ond  the  armature 
core  and  pole  faces  .as  in  the  case  of  barrel  wound  drums)  are 
not  in  electors. 

Armature  inductors  have  been  called  armature  conductors  in 
the  previous  chapters  of  this  text,  but  in  discussing  armature 
windings  it  is  cc^nvenient  to  employ  a  term  which  cannot  lead  to 
confusion. 

42.  Armature  coiL  Element  of  a  winding.  —  That  part  of  in  ar- 
mature windini;  wliich  terminates  at  two  commutator  bars  or  scg- 
ments  is  called  a  Zi'rriMn^'  elttfUKt  or  a  unnding  unit,  A  winding 
element  consists  usually  of  a  single  armature  coil,  but  there  may 
be  two  or  more  coils  in  a  \%-inding  element  The  terms  arnuiture 
coU  and  U'lPiiiing  t'/twen/  are  used  s\Tion}tnously  hereafter. 

In  so  far  as  binding  connections  are  concerned,  the  number  of 
turns  of  wire  in  an  armature  coil  is  a  matter  of  indifference,  and 
therefore  eac/i  anftature  coil  tnay  be  treated  as  if  it  had  one  turn 
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f  -ivire  only,  and  each  side  of  a  coil  (for  a  drum  winding)  may  be  ] 

bought  of  as  a  single  inductor.     The  subsequent  discussion  of  ] 

^  iind  wave  windings  is  based  upon  the  assumption  that  an  | 
irmature  coil  consists  of  two  inductors  only, 

43.  Possible  number  of  commutator  bars  or  segments.  —  It  is 
ividcnt  from  the  discussion  of  tlie  simple  ring  winding  given  in 
Arts.  28  and  29,  Chapter  II.,  thai  each  inductor  on  a  ring  wind- 
ig  may  6e  a  commutator  bar.  or  be  connected  to   a  commu- 


btur  bar.  Or,  as  stated  in  Art.  38,  Chqiter  11.,  every  second 
inductor,  or  every  third  inductor,  or  every  fourth  inductor,  etc.. 
may  be  connected  to  commutator  bars.     That  is  to  say.  the  num- 
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ber  of  commutator  bars  for  a  simple  ring  winding  may  be  equal 
to  the  total  number  of  inductors  Z,  or  the  number  of  bars  may 
be    ZjfH^    where  m  is  any  integer  which  is  a  factor  of  Z. 

The  necessary  relation  between  the  number  of  inductors  and 
the  number  of  commutator  bars  in  the  case  of  a  drum  armature 
may  be  shown  as  follows :  The  drum  armature  may  be  looked 
upon  as  a  ring  armature  modified  by  transferring  each  inside  re- 
turn wire,  a,  Fig.  51,  to  the  opposite  side  *  of  the  armature  at  b, 
the  wire  c  being  extended  across  one  end  of  the  armature,  and 
the  wire  d  across  the  other  end.  Now,  if  both  b  and  the  adjacent 
inductor  are  commutator  bars,  or  are  connected  to  adjacent  com- 
mutator bars,  it  will  be  seen  from  Fig.  5 1  that  both  wires  c  and 
d  will  connect  across  directly  from  the  positive  brush  to  the  nega- 
tive brush  and  the  dynamo  armature  will  be  short-circuited. 
Therefore  a  drum  armature  cannot  have  adjacent  inductors  con- 
nected to  commutator  segments.  Every  alternate  inductor  of  a 
drum  winding  corresponds  to  an  inside  return  conductor  of  a  ring 
winding,  and,  at  most,  every  alternate  inductor  of  a  drum  winding 
can  be  a  commutator  bar,  or  be  connected  to  a  commutator  bar. 
That  is  to  say,  the  greatest  possible  number  of  commutator  bars 
in  case  of  a  drum  winding  is  Zji,  where  Z  is  the  number  of 
inductors.  The  number  of  commutator  bars  may  of  course  be 
less  than  this.  In  fact  the  number  of  commutator  bars  in  case 
of  a  drum  winding  may  be  ZJ2in  where  ;;/  is  any  integer,  and 
2Jn    is  a  factor  of  Z. 

44.  Lap  and  wave  windings.  —  There  are  two  different  schemes 
of  connecting  the  ends  of  the  inductors  of  a  drum  armature  to 
form  a  symmetrical  closed  coil  winding.  One  of  these  schemes 
is  called  the  lap  itnndi ng  diwd  the  other  is  called  the  zvavc  "ojindiug. 
There  is  no  essential  difference  between  these  two  schemes  in 
case  of  a  bipolar  dynamo  ;  but  in  case  of  a  multipolar  dynamo 
the  (simplex)  lap  winding  always  gives  as  many  paths  between 
the  brushes  as  there  are  field  poles,  while  the  (simplex)  wave 

*  For  a  two  pole  drum  armature. 
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winding  always  gives  two  paths  between  the  brushes  whatever  tlie 
number  of  field  poles  may  be. 

The  simple  ring  winding  when  used  with  a  multipolar  field  , 
magnet  oflers  a  number  of  paths  between  the  brushes  equal  to  1 
the  number  of  field  poles  as  e.'cplained  in  Art.  29,  Chapter  II.,    ' 
and  the  simple  ring  winding  corresponds  in  this  respect  to  the 
lap  wound  drum. 

The  windings  of  a  ring  armature,  when  used  with  a  multipolar 
field  magnet,  may  be  grouped  in  coils,  and  these  coils  may  be 
interconnected  in  such  a  way  as  to  give  a  symmetrical  closed 
coil  winding  which  presents  Uvo  paths  between  the  brushes  what- 
ever the  number  of  field  poles  may  be.  Such  a  ring  winding 
corresponds  to  the  wave  wound  drum. 

The  following  discussion  of  lap  and  wave  windings  is  limited 
to  drum  armatures. 

From  the  fundamental  equation  of  the  dynamo,  equation  (21) 
Chapter  II.,  it  is  evident  that  a  multipolar  dynamo  with  3  wave 
wound  armature  (/'  =  2)  gives  a  greater  electromotive  force  for 
a  given  number  of  armature  inductors,  than  the  same  dynamo 
with  a  lap  wound  armature  (/•'  =/)■  High  voltage  dynamos 
(especially  those  of  .small  current  output)  are  usually  therefore 
provided  with  wave  wound  armatures,  and  low  voltage  dynamos 
usually  have  lap  wound  armatures. 

The  lap  wound  armature  must  have  as  many  brush  sets  as  field 
poles  if  every  current  path  in  the  armature  is  to  be  utilized.  The 
wave  wound  armature  needs  only  two  brush  sets  to  bring  into 
service  every  armature  inductor,  as  pointed  out  in  Art.  50. 

45.  Lap  winding. — Starting  at  commutator  segment  No.  i, 
in  Figs.  52  and  53,  if  we  proceed  by  front  end  connection  to  in- 
ductor No.  1,  then  along  inductor  No.  1  towards  tlie  back  (or 
pulley  end)  of  the  armature,  then  across  the  back  {by  dotted  line 
in  Fig.  52)  to  inductor  No.  6,  thence  along  inductor  No.  6 
towards  the  front  {or  commutator  end),  then  by  front  end  < 
nection  to  commutator  segment  No.  2,  we  shall  have  completed  i 
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1  clement  of  the  winding.  If  we  now  continue  from  commu- 
■tor  segment  No.  3  along  inductor  No.  3,  across  the  back  to  in- 
luctor  No.  8,  and  thence  along  inductor  No.  8  to  commutator 
Kgmcnt  No.  3.  we  shall  have  completed  the  second  clement  of 

e  winding.  The  rest  of  the  winding  is  merely  a  repetition  of 
he  steps  just  described.  It  is  evident  from  Kigs.  52  and  53, 
hat  each  winding  element  consists  of  an  almost  closed  loop  or 

>il.  and  that  the  second  clement  laps  over  tlie  first,  as  shown  by 
ihe  heavy  lines  in  Figs,  jzand  53.  It  is  on  account  of  this  over- 
lapping of  the  elements  tliat  this  winding  is  called  the  lap  winding. 

In  Figs.  53  and  53  it  can  be  seen  that  inductor  No.  i  is  con- 
KCted  at  the  back  to  inductor  No.  6,  inductor  No.  3  to  No.  8 ; 
Dductor  No.  5  to  No.  to ;  and  so  on,  tliat  ts,  each  odd  num- 
crcd  inductor  is  connected  to  the  fifth  following  inductor.  This 
Dtcrval  between  inductors  connected  at  the  back  end  of  the 
umature  is  called  the  fini'l:  pitch  of  the  winding  and  it  is  equal  to 
)  in  Figs.  52  and  53.  In  this  same  figure  it  can  be  seen  tliat 
nductor  No.  [  starts  from  segment  No.  [.  and  that  inductor 
Ho,  4  is  also  connected  to  segment  No.  i.  and  in  a  similar  man- 
Icr  inductors  Nos,  3  and  6  are  both  connected  on  the  front  end 
3  segment  No.  2,  and  so-  on.  This  interval  between  inductors 
xinnected  together  at  the  front  end  is  called  ihc  front pitth  of  the 
Vinding,  and  it  is  equal  to  3  in  Figs.  53  and  53. 

In  tracing  through  the  winding  in  Figs.  52  and  53.  one  pro- 
jp-esscs  in  one  direction  at  the  back,  and  in  the  opposite  direction 
it  the  front  of  the  armature,  and  therefore  one  pitch,  say  the 
c  pitch,  is  considered  positive  aiid  the  other  pitch  is  consid- 
1  negative. 

In  Figs,  52  and  53  the  terminals  of  an  element  of  the  winding 

e  connected  to  adjacent  commutator  segments,  and  the  mnd- 

g  b  called  a  simpter  or  sialic  lap  winding. 

In  what  i«  called  a  liuplexr  or  double  lap  winding  the  terminals 
if  an  clement  of  the  winding  are  connected,  not  to  adjacent  com- 
tiutator  segments,  but  to  ex-ery  other  segment  In  what  is  called 
I  tripUx  or  trifle  Up  winding  the  tcrmin.'il.*  of  an  clement  nf  the 
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winding  are  connected  to  every  third  commutator  segment,  and 
so  on.  The  interval  between  the  terminals  of  a  winding  element, 
expressed  in  terms  of  the  number  of  commutator  segments,  is 
'  called  the  commutator  pitch.  Thus  in  Figs.  52  and  53  the  com- 
mutator pitch  is,  let  us  say,  +  I.*  In  a  duplex  winding  the 
commutator  pitch  is  2,  plus  or  minus,  in  a  triplex  lap  winding 
the  commutator  pitch  is  d=  3,  and  so  on. 

The  resultant  pitch,  j,  is  the  algebraic  sum  of  the  front  pitch 
and  the  back  pitch.    Thus  in  Figs.  52  and  53  the  resultant  pitch 

is 

^'  =  J6  +  ^>  =  5  +  ( -  3 )  =  +  2 

The  average  pitch  is  half  the  arithmetical  sum  of  the  front  pitch 
and  the  back  pitch.  Thus  in  Figs.  52  and  53  the  average  pitch 
is 

A.  =  (5  +  3)/2  =  4 

46.  Wave  winding.  —  Starting  at  commutator  segment  No.  i 

in  Figs.  54  and  55,  if  we  proceed  by  front  end  connection  to  in- 
ductor No.  I,  then  along  inductor  No.  I  towards  the  back  (or 
pulley  end)  of  the  armature,  then  across  the  back  (by  dotted  line 
in  Fig.  54)  to  inductor  No.  6,  then  along  inductor  No.  6  towards 
the  front  (or  commutator  end),  then  by  front  end  connection  to 
commutator  segment  No.  6,  we  shall  have  completed  one  element 
of  the  winding.  The  next  element  of  the  winding  is  connected 
similarly  from  segment  No.  6  through  inductors  No.  1 1  and  No. 
16  to  segment  No.  2  as  shown  by  the  heavy  lines  in  Figs.  54 
and  55.  The  rest  of  the  winding  is  merely  a  repetition  of  the 
steps  just  described  for  the  first  two  elements  of  the  winding. 

It  is  evident  from  Figs.  54  and  55  that  two  consecutive  wind- 
ing elements  have  the  appearance  of  two  successive  wav^es  or 
zig-zags.     This  is  shown  with  especial  distinctness  in  Fig.  55.     It 

*If  front  and  hack  pitches  are  interchanged,  the  comnnutator  pitch  is  reversed  in 
sign,  that  is  the  first  element  of  the  winding  (in  Figs.  52  and  53)  would  tenninate  at 
segment  No.  i  and  segment  No.  9. 
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jtL  tnfHdC  WBlCBl]^  CXXISUtlL  Wk  f]|0  SBDOMBBlt  CSMM9L  €1  uRl^.*- 
tUiXuSaF   flUllDlCX  IWKBIttfS  WhB  TrlHrM^    ^^fffTjffy^ffynBHPK     flBQQMM3HMl'' 

togedier  oil  one  coff€  and  pot  fli  Mniltfi  liy  mfaifl^  nrfBckid^ 
diidc  brushes  to  insuie  cootsKt  iritfi  aD  tituot  wiiidh|gs  at  odi 
brustu 

Any  number  of  sinqdex  wave  wwHSngs  wiA  tibot  oomawMnfii 
may  be  sandwiched  tDgetfaer  as  above  described^  giving  m  anK^ 
I^ex  wave  windti^. 

Any  winding  not  a  simplex  mtidmg  h  kt  ganeal  called  t 
mult^lex  windii^,  althou^  the  above  desctiplBDn  of  a  muttyteg 
windu^  as  built  up  cl  imkfa$dhii  md  eam^kU  skofiex  motSegt 
sandwiched  t«^;ether,  is  not  entirely  geoetaL 

The  advantage  of  mull^dex  over  simplcy  win&igs  is  1i»l 
^parking  at  the  brushes  is  reduced  by  the  use  of  muHylar 
windii^.  In  a  simplex  winding  one  wuufing  dement  is  Aoft- 
circuited  when  a  brush  toisches  two  ad^ioent  oommutator  bars  as 
explained  in  Art  78,  Chapter  VL,  and  a  bn^  most  at  oatBin 
instants  touch  two  adjacent  commutator  bars.  In  a  duplex 
winding  no  portion  of  the  winding  is  short-circuited  when  a  brush 
touches  two  adjacent  commutator  bars  ;  short-circuit  only  occurs 
when  a  brush  touches  three  adjacent  bars,  and,  although  a  brush 
must  at  certain  instants  touch  three  adjacent  bars  in  a  duplex 
winding,  still  the  short-circuit  includes  a  greater  leng^th  of  path 
in  the  material  of  the  brush  than  in  case  of  a  simplex  winding, 
and  the  resistance  of  the  brush  material  is  more  effective  in  the 
prevention  of  sparking. 

49.  Number  of  paths  in  parallel.  Number  of  inductors  in 
series.  —  In  the  simplex  lap  winding  there  are  p  paths  in  parallel 
between  the  positive  and  the  negative  brushes,  where  /  is  the 
number  of  field  poles.  Therefore  there  are  Z/p  inductors  in 
series  in  each  path. 

In  a  simplex  wave  winding  there  are  two  paths  in  parallel  be- 
tween the  positive  and  the  negative  brushes  irrespective  of  the 
number  of  poles  and  of  the  number  of  brush  sets.     Therefore 
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there  arc  Z  2  inductors  in  scries  between  the  positive  and  the 
itive  brushes,  in  the  wave  winding. 
In  a  multipoUr  machine,  with  a  given  total  number  of  induc- 
<n  Z,  the  lap  wnnding  gives  many  more  paths  in  parallel  between 
rushes,  and  fewer  inductors  in  scries  in  each  path,  than  the  wave 
inding  Tlierefore  the  use  of  lap  winding  is  sometiines  called 
iralM  grouping  o(  the  inductors,  and  the  use  of  wave  winding 
sometimes  called  scrirs  graupang  of  the  inductors. 
Furthirrniorc,  on  account  of  the  fact  that  the  simplex  lap  wind- 
ig  has  p  paths  in  parallel  bctv,-«cn  brushes,  this  winding  is  some- 
mcs  called  a  miiHipit-circiit  winding,  and  on  account  of  [he  (act 
lat  the  simplex  wave  winding  has  only  two  paths  in  parallel  be- 
brushcs  (independenlly  of  the  number  of  poles)  this  wind- 
tg  is  sometimes  called  a  /ico  circuit  winding. 
Combining  simplex  windings  to  give  a  multiplex  winding  al- 
ways multiplies  the  number  of  paths  in  parallel  IxMwccn  brushes. 
Thus  3  duplex  winding  multiplies  the  number  of  paths  by  2,  a 
triplex  winding  multiplies  the  number  of  paths  by  j  and  so  on. 
Combining  simplex  windings  to  give  a  multiplex  winding  di)es 
jot  alter  the  number  (jf  inductors  in  series  between  brushes,  and 
llence  docs  not  alter  the  electromotive  force  of  one  of  the  com- 
>nent  simplex  windings  namely  the  electromotive  force  between 
le  brushes. 

The  number  of  inductors  in  series  between  brushes  (and  hence 
«  electromotive  force  of  the  machine)  may  be  multiplied  by 
a  coil  of  many  turns,  instead  of  two  inductors,  in  forming 
in  elemenl  of  the  tvinding.  Thus  in  Figs.  52  and  53.  the  ele- 
nent  terminating  in  segments  i  and  2  may  be  made  into  a  coil 
IS  Ibllows :  l^t  each  inductor  shown  in  the  figure  represent  a 
llot  in  the  annature  core.  Then  starting  from  segment  No,  1  wc 
Buiy  wind  a  wire  up  slot  No.  I  and  down  slot  No.  6  any  number 
of  timai  before  connecting  to  .segment  No.  2,  Tills  group  of 
constituting  one  winding  clement  is  called  3  c^  or  uttim 
the  ArniBturc  winding. 
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The  use  of  many  rjms  of  wire  in  a  winding  dement  increases 
the  tendenc}'  to  spark  at  the  brushes. 

The  conductor  of  an  armature  winding  is  iicqueiith'  composed 
of  a  number  of  small  'w-ires  in  paiallel.  instead  of  one  large  solid 
wire,  in  order  that  the  conductor  may  be  flexible  and  easily 
wound-  Such  a  conductor  is  said  to  be  a  stranded  conductor. 
A  stranded  conductor  is  electrically  a  single  inductor  and  is  to  be 
counted  as  such  in  appUing  the  formula  for  calculating  the  dec- 
tromotive  force  of  a  machine. 

50.  Number  of  brushes  required.  —  In  any  closed  coO  winding 
whatever,  there  are  /  neutral  points  around  the  commutator,  and 
/►  bnish  sets  may  be  used  in  any  case. 

1,  Lcip  Winding. —  In  the  lap  winding,  simplex  or  multiple.\, 
/  brush  sets  must  be  used  to  permit  the  delivery*  of  the  greatest 
current  output  with  the  least  I'R   loss  in  theannatuie  windings. 

2.  IVazr  Winding.  —  In  the  wave  winding,  simplex  or  multi- 
plex, two  brush  sets,  a  positive  set  and  a  negative  set,  are  neces- 
sary and  sufficient,  but  any  number  of  sets  up  to  and  including 
/>  -'_■:-  mav  be  used. 

T:;e  fact  that  f.vo  brush  sets  are  sufficient  for  the  wave  \\"ind- 
in^4  is  sho'.vn  in  Fi;4^.  54  and  55.  and  is  evident  from  the  follow- 
in:^  con^it.icratiop.s  :  Suppose  first  that  there  are  four  brush  sets, 
one  at  each  neutral  point.  The  commutator  segments  i  and  6. 
under  the  two  positive  brushes  are  electrically  connected  through 
the  two  inductors  Xos.  i  and  6.  and  their  end  connections. 
Tile  fi'^ure  shows  that  these  two  inductors  are  situated  be- 
tween  the  pole  pieces  and  have  no  electromotive  forces  in- 
duced in  tlieni,  hence  they  may  be  considered  simply  as  cross 
connections  between  tlie  two  positive  neutral  points.  The  ne*;a- 
tive  neutral  points  are  similarlv  connected  bv  the  idle  inductors 
Xo.>.  5  and  10.  In  C(jnsequence  of  these  cross  connections  the 
only  functir)n  of  the  .second  pair  of  brush  sets  is  to  aid  the  first 
set  in  c<^llecting  current  from  and  delivering  current  to  the  com- 
mutatc>r  segments  by  the  increased  contact  surfaces  of  brushes 
with  commutator ;  but  the  distribution  of  current  in  the  windings 
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in  no  way  altered  by  the  addition  or  removal  of  the  second 
ur  of  brush  sets.  , 

When,  however,  two  brushes  only  are  used  for  a  /-pole  wave-   ' 
ound  armature   then   //2    winding  elements,  all  in  series,  arc  I 

.-circuited  under  a  brush  when  the  brush  touches  two  com- 
[Utator  bars  (in  a  simplex  winding).  Therefore  the  wave  wind- 
ig  using  two  brushes  has  a  greater  tendency  to  spark  at  the 
irushcs  than  the  lap  winding  with  /»  brushes.  This  disadvan- 
igc  of  the  wave  winding  is  obviated  by  using  /  bru.shcs  instead 
r  two.' 

61.  Conditions  which  must  be  satisfied  by  a  closed  coil  drum 
riiidiiig.  —  Lap  ami  wavf  windings.  — No  drum  winding  can 
1  odd  number  of  inductors.  Both  front  and  back  pitches 
must  be  odd  in  a  simplex  winding.  This  is  due  to  the  fact  that 
ddd  numbered  inductors  are  to  be  thought  of  as  returns  for 
the  even  numbered  inductors,  and  therefore  even  numbered  in- 
ductors must  be  connected  at  both  ends  to  odd  numbered  induc- 
tors.    This  requires  an  odd  pitch  at  both  ends. 

Both  front  and  back  pitches  must  be  approximately  e(|ual  to 
Z'//  in  order  that  the  two  inductors  which  constitute  a  winding 
dement  may  move  simultaneously  under  field  poles  of  op|>ostte 
lolarity.  Under  these  conditions  electromotive  forces  induced 
I  the  two  inductors  will  be  additive.  The  smallest  value  of 
■onl  or  back  pitch  which  meets  this  rei)uirenicnt  is  a  pitch  which 
Btretchcs  comj^letely  across  a  pole  face,  and  the  largest  value  of 
mt  or  back  pitch  which  meets  this  requirement  Lsa  pitch  which 
nrcly  stretches  across  from  a  given  pole  tip  to  the  nearest  pole 
^  of  like  polarity.  When  front  and  back  pitches  differ  consider- 
ably from   Z\p   the  winding  b  called  a  chord  -unnding. 

The  ailianlaicv  of  the  choid  winding  i*  thac  the  dcmignctiiing  •cllon  of  (he  anna' 
ro  tOmn(  (»  Ui  a  niral  rilrnl  climinalnl  Ihereb)!,  and  iu  diiad<-anUt[e  l«  llul  il  flirt 
•rry  iinrruw  nrul»l  toncixi  ihr  amiaiutator.  The  rliininalion  of  Ihc  donagnctuitig 
lioa  il  due  lo  Ihf  fact  ihal  ihc  arnutiuv  current  flowi  In  nppotitF  (iircctinnt  in  alln- 
teindwiUin  in  nch  otlhr  l*u  bandi  of  indocion  ihanrn  in  Fi^.  lor,  CliajMer  VI. 

*im  BobuC*  Ettttrit  Moto'i,  pace  48.  Whitak«r  &  Co.,  London.  190^ 


For  s  f 

mast  be  dbcnca  to  GoiB|iljr  vi&lbe  tcMtm 

(a;  All  die  1 
and  deetnaOysad  tfaef  most  be  pbcsd  ^a 

( J)  In  tiacmg  timwgfa  a  wmpIrT  winJbi^  evoy-  Sftifaflrw  nutf  I 
be  {xuaed  orcr  ooce  and  once  oidy.  and  die  windfaig  onst  diMt  \ 

on  itself  CfT  be  reCTitrant 

(<-;  In  a  mult^cx  wiiKfii^  wliidh  t.rweiA\  of  a  ctmbinatioa  cf 
complete  and  independent  snoplex  vindb^s,  ^mJi  sim|ilex  wind- 
ing must  sads^'  condition  (6). 

(d)  A  multiplex  binding  which  does  not  rn«MM  «f  ODmi^ct( 
and  independent  smplex  wincfings  most  as  a  Thole  satisfy  condi- 
tion (^).  Such  a  multiplex  nindii^  is  called  a  sii^ly  icentrant 
multiplex  ninding. 

U)  In  a  two  layer  win(£ng  (tn  slotted  aiuuluics,  two  mducton 
per  slot)  the  inductors  in  the  lower  layer  should  be  ooiisdcrt<| 
ex-en  numbered,  and  those  in  the  upper  layer  odd  nombcred. 

La^  tvindings.  —  {a)  Front  and  back  pitches  are  oppoate  in 
sign. 

{b)  Front  and  back  ptches  cannot  be  equal.     Equality  d 

*  Id  some  cues  ■rmatnie  core  sumpii^  alreadj  to  suck  arc  ibhI  fa*  the  iiMtliiii 

oT  ■  newly  designed  nuchme,  em  though  ■  suitable  ■iisii^ I  of  (he  viiHli^ 

Drc«titat«  the  leaving  out  of  [*o  half-coils  in  tm  of  the  slots.  la  mi  ■  esse  the 
two  slots  which  aie  half  tilled  by  the  wiodii^  arc  filled  ap  wkh  tfe  two  hslna  of  > 
'"'liinroj'"  eofl. 
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ont  and  back  pitches  would  connect  both  terminals  of  a  wind- 

g  dement  to  the  same  commutator  segment. 

(f)  In  simplex  lap  windings  front  and  back  pitches  difler  by  2, 
3  that  the  average  pitcli  is  an  even  number,  and  the  commutator 
±  I. 

(if)  In  a  multiplex  lap  winding  front  and  back  pitches  differ  by 

(   where  m  is  the  number  of  component  simplex  windings,  and 

;  commutator  pitch  is    ±  m. 

{e)  The  total  number  of  inductors  Z  may  be  any  even  num- 
er,  except  in  case  of  slotted  armature  cores,  in  which  case  Z 
lust  be  a  multiple  of  the  number  of  slots.  (The  number  of 
Dots  may  be  even  or  odd.) 

Wazf  ii-indiiigs.  —  («)  Front  and  back  pitches  are  alike  in  sign. 

(^)  Front  and  back  pitches  may  be  equal  or  they  may  difler 
iy  any  multiple  of  2.  When  one  pilch,  the  front  pitch  for  cx- 
mple,  is  made  considerably  greater  than  Zjp  then  the  other 
pitch  must  be  made  considerably  smaller  than  Zjp.  The  average 
pitch  of  a  wave  winding  is  always  iiery  tuarly  equal  to  Zlf 
»;ording  to  (r), 

(c)  In  simplex  wave  windings  /  x  average  pitch  must  be  equal 
to   ^±  2.     Therefore 

I  which  y^  is  the  average  pitch. 
(</)  In  multiplex  wave  windings 

Z  =•  /»)'„,  ±  2»ir 
1  which  m  is  the  number  of  component  simplex  bindings. 
In  the  following  tabic 

p  K  number  of  field  magnet  poles.  ^^h 

if  B  number  of  armature  inductors.  ^^^| 

y  a  average  pitch  of  winding.  ^^^| 

A'"»  number  of  commutator  segments. 
For  detailed  treatment  of  armature  windings  see  K.  Arnold's 
f  CUichstrumtnaschini,  Vol,  I..  Julius  Springer.  Ikrlin,  igoz ; 
ind  Par<i)iall  and  Hobart's  .-Jrwrt/wrc  Windings,  D,  Van  Nostrand 
».,  New  York,  1895. 
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52.  Typical  examples  of  drum  windings.  —  The  following 
figures,  namely,  Figs.  56,  57,  58,  59  and  60,  show  tyjMcal  ex- 
amples of  drum  windings.  In  these  figures  the  short  radial 
numbered  lines  represent  the  inductors,  the  crossed  lines  outside 
of  the  circle  of  inductors  represent  the  connections  at  the  back 
end  of  the  armature,  and  the  crossed  lines  between  the  circle  of 
inductors  and  the  commutator  at  the  center  represent  the  connec- 
tions at  the  front  end  of  the  armature. 

In  these  figures  a  small  number  of  armature  inductors  is 
chosen  for  the  sake  of  simplicity,  and  it  is  to  be  noted  that  for  a 
given  number  of  armature  inductors,  Z,  several  diflerent  com- 
binations of  front  and  back  pitches  are  permissible  for  a  given 
type  of  winding,  especially  when  ^  is  a  large  number  as  it 
usually  is  in  actual  machines.  Furthermore  a  change  of  a  few 
units  in  the  value  of  Z  opens  up  a  greatly  increased  choice  of 
pitches  for  a  given  type  of  winding.  Therefore  the  examples  of 
windings  shown  in  Figs.  56-60  should  be  looked  upon  as  special 
cases  chosen  from  among  a  great  number  of  possible  cases. 


\ 


Kig.  56  shows  a  six  pole  drum  simplex  lap  winding  with  60 
ductors,  having  a  back  pitch  of  +  9,  a  front  pitch  of  —11, 
I  a   commutator  pitch  of   —  i.     This   winding  presents   six 
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-pole  ilruui  liiiiplri  l:ip  trimlin^     Z^6o,  front   pilHi  ^  —  11,  bock  pitch 
h  cummuiaiur  pilch  =1  —  I,  nuniliCT  uf  |«thi  -  =  6. 
Fli.  56, 

I  ID  parallel  between  the  bruwhes  with  niic  sixth  of  the 
hictots  in  series  in  each  path,  and  it  must  haw  six  brush  sets 
Bbtnm  in  Fig.  56.     This  winding  is  singly  Kcntrocvt. 


43S 


ELEMENTS  W  ELECTRICAI.   ENGINEERING. 


Tig.  57  shows  a  ax.  p(de  drum  nmplex  wave  wtndmg  viAft 
■Klucion,  having  a  back  piteh  of  +  g,  a  front  pitch  of  +ii, 
an  »-va^  pitch  of  lo,  and  a  commutator  jntch  of  +  la   TKi 


winding  presents  t\vo  paths  in  parallel  between  the  brushes  wit 
'Half  of  the  inductors  in  series  in  each  path,  and  it  needs  ool 
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•o  brush  sets  as  shown  m   Fig.  57.     This  winding  Ls  singly 

entrant. 

Fig.  $S  shows  a  six  (wic  drum  duplex  lap  winding  having  60 

ductors.     The  doncd  lines  and  shaded  commutator  segments 


■S>-[n1e  itnnn  duplex  Inp  winiling,  doubly  nffolruil.    Z^=  60^  frnni  jHich  = 
k  pildi  ■=  -^  7i  cuiaiiiBtatDr  yiicb  —  —  a,  aumbn  uT  paths  —  li. 


nrcsent  a  complete  simplex  lap  winding  having  30  inductors. 
!  the  full   lines  and  blank  commutator  segments   re^Rscnt 
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another  identically  similar  simplex  winding.  These  hvo  simplex 
windings  when  sandwiched  together  on  one  armature  core,  as 
shown  in  Fig.  58.  fonn  a  duplex  lap  winding.  This  duplex  wind- 
ing is  of  course  doubly  reentrant  according  to  Art.  47,  itmsiDUcb 
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the  commutator  pitch  is  —  2  ;  and  all  of  the  conditions  necessary 
for  duplex  lap  windings  as  given  in  Art.  s  i  are  satisfied.  This 
winding  presents  12  patlis  in  parallel  between  the  brushes,  6 
paths  through  each  constituent  simplex  winding,  and  it  requires 
6  brush  sets,  each  brush  being  thick  enough  to  always  touch  at 
least  two  adjacent  commutator  segments. 

Fig,  59  shows  a  six  pole  drum  duplex  wave  winding  having 
64  inductors.  The  dotted  lines  and  shaded  commutator  seg- 
ments represent  a  complete  simplex  wave  winding  having  32  in- 
ductors, and  the  full  lines  and  blank  commutator  segments  repre- 
sent another  identically  similar  simplex  wave  winding.  These 
tivo  simplex  windings  when  sandwiched  together,  as  shown  in 
f^'S-  59i  form  a  duplex  wave  winding.  This  duplex  winding  is 
of  course  doubly  reentrant  according  to  Art.  47,  inasmuch  as 
each  of  the  constituent  simplex  windings  reenters  itself.  In  this 
winding  the  back  pitch  is  -f  1 1.  the  front  pitch  is  4-  9,  the  aver- 
age pitch  is  [O,  and  the  commutator  pitch  is  lO;  and  all  the 
conditions  necessary  for  duplex  wave  windings  as  given  in  Art. 
S I  are  satisfied.  This  winding  presents  four  paths  in  parallel  be- 
tween the  brushes,  two  paths  through  each  constituent  simplex 
winding,  and  two  brush  sets  are  sufficient  as  shown  in  Fig.  59. 
Fig.  60  shows  a  six -pole  drum  duplex  wave  winding  which 
singly  reentrant  This  duplex  winding  cannot  be  looked  upon 
two  simplex  windings  sandwiched  together.  In  this  winding 
the  back  pitch  is  +  11,  the  front  pitch  is  -)-  1 1 ,  the  average  pitch 
I  and  the  commutator  pitch  is  +  11.  This  winding  pre- 
sents four  paths  in  parallel  between  the  brushes,  two  paths  each 
way  from  each  of  the  two  broad  brushes,  as  may  be  seen  by 
tracing  through  the  windings  from  brush  to  brush  in  Fig.  60. 

"wo  brush  sets  are  sufficient  for  this  winding  as  shown  in  Fig.  60. 
It  will  be  noticed  that  the  inductors  of  the  simplex  windings 

liown  in  Figs.  56  and  57  are  grouped  in  pairs  which  are  drawn 
close  together,     The  same  is  true  of  the  constituent  simplex 

incfings  in  Figs.  58  and  59.     This  is  intended  to  show  tlie  com- 

lon  arrangement  in  slotted  armatures  where  the  even  numbered 
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inducton  lie  in  die  bottom  of  iIk  dota^ 
inductMi  lie  m  tfie  tops  of  die  data,  a* 


t<«dc  pit^  b  reckoned  by  counting  con- 
t  tiiey  were  anai^ed  in  one  layer. 
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If  a  winding  element  consists  of  a  coil  of  n  turns  of  wire  instead 
two  inductors,  as  explained  in  Art.  42,  then  it  is  convenient  to 
Hgii  numbers  to  the  consecutive  btindUs  of  n  inductors  each, 
to  the  consecutive  ha/f-coils,  instead  of  assigning  numbers 
the  individual  inductors.  In  this  case  the  pitches,  front  and 
ck,  are  reckoned  by  counting  consecutive  bundles  or  half-coils, 
the  case  of  slotted  armatures  wound  with  formed  coils  it  is 


Six-pole  drum  timpli-i  ware  winling.  Numlici  a(  hiir>CulU  ( which  t>k«*  Ae  ^Mi 
Z  to  iha  ibeurj  of  the  itindins)  =:  44.  from  j>lich  =  4-7,  back  (iltch  —  -r  ?■  oaa- 
■UMr  pitch  —  -f  7.  throw  of  roiU  =  j,  number  or  p«Uu  =  z. 


to  express  the  back  pitch  in  terms  of  the  number 
slots  spanned  by  the  coil,  one  side  of  the  coil  always  being 
tbe  lop  of  one  slot,  and  the  other  side  being  in  the  bottom  of  the 
h  R}]lowtng  slot,  where  h  Is  the  slot  ptch.  The  number  of  slots 
by  the  coils  is  called  the  slot  /tilth  or  the  ihrmv  of  the 
Wlicn  the  throw  of  tlie  coils  is  given,  the  only  additional 
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irindti^  gives  awindii^  having  zm  balanced  paths  and  hanng 
only  l/mth  as  many  ocmmutator  bars  as  the  original  M-p1cx 
mnding. 

Consider  a  dngljr  reentnnt  m-fiex  mult^lar  wave  wwMihg 
(F^.  60  shows  a  singly  reentrant  duplex  six-pole  wave  wimiBg). 
In  such  a  wtndmg  a  commutator  segownt  is  of  course  inserted  it 
the  terminus  of  each  winding  element  Suppose,  however,  ths^ 
starting  from  a  given  commutatm*  segment  m  of  these  wfiidsy 
elements  are  wound  as  one  extended  winding  element  befcre  a 
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commutator  segment  is  inserted,  then  another  group  of  ;//  ele- 
ments are  wound  as  another  extended  element,  and  so  on.  The 
result  will  be  a  modified  type  of  singly  reentrant  wave  winding 
having  as  many  paths  as  the  original  m-plex  winding,  namely 
2m  paths,  but  having  only  i  /mth  as  many  commutator  segments, 
each  segment  being  made  m  times  as  broad  as  before. 

In  the  original  m-plcx  winding  two  brushes  each  broad  enough 
to  touch  at  least  m  commutator  segments  are  sufficient.  In  the 
modified  winding  the  brushes  touch  one  segment  (or  at  most  tA\'o) 
at  a  time,  and  two  brushes  are  not  sufficient. 

Fig.  62  shows  one  of  these  modified  six-pole  wave  windings 
with  16  commutator  bars.  This  winding  may  be  thought  of  as 
derived  from  a  singly  reentrant  triplex  wave  winding  with  a  front 
pitch  of  17,  and  a  back  pitch  of  17.  In  this  case  it  is  necessary 
to  use  all  six  of  the  narrow  brushes  in  order  to  utilize  the  six 
paths  in  the  armature. 


ChAfteh  I.     Elemextaky   Electricity  and    Magnetism. 

1.  Define  the  following  terms  and  state  the  unit  in  terms  of 
which  each  is  expressed  in  the  c.g.s.  system  :  (a)  force,  (d)  work, 
(c)  potential  energy,  (ti)  kinetic  energy,  and  (f)  power. 

8.  Define  the  watt.  Define  the  horse-power.  Find  the  num- 
ber of  watts  in  one  horse-power  using  the  following  data:  one 
foot  ™  3O.4S  centimeters,  one  pound  =  45  3.6  graitis,  acceleration 
of  gravity  =  980  centimeters  per  second  per  second. 

3.  (a)  Find  the  number  of  kilogram-meters  per  second  in  one 
horse-power,  (d)  Find  the  number  of  ergs  per  second  and  the 
number  of  watts  in  one  kilogram-meter  per  second. 

4.  A  pulley  10  inches  in  diameter  runs  at  a  speed  of  1,000 
revolutions  per  minute  and  delivers  10  horse-power.  Find  (a) 
the  torque  acting  on  the  pulley  in  pound-inches,  and  {6)  the  tan- 
gential pull  at  the  rim  of  the  pulley  in  pounds.  Ans.  (a)  631.I 
pound-inches;  (i)  126.22  pounds. 

6.  (rt)  Electrical  energy  for  lighting  costs  1 5  wnts  per  kilo- 
watt-hour, what  is  the  cost  per  month  (30  days)  of  operating  a 
16  candle-power  lamp  which  takes  3.  i  watts  per  candle,  the  lamp 
being  in  service  three  hours  each  day?  (d)  Electrical  ener^  is 
supplied  at  5  cents  per  kilowatt-hour  for  driving  a  10  horse-power 
motor.  The  efficiency  of  the  motor  at  full  load  is  85  per  cent 
Find  the  cost  per  horse -power-hour  of  the  mechanical  ou^ut  of  _ 
the  motor,     Ans.  (a)  67  cents  ;  {/•)  4.38  cents. 

6.  Two  steel  tiars  each  50  cm.  long,  2  cm.  wide  and  2  cm. 
thick  are  magnetized  to  an  intensity  of  800  units  pole  per  square 
centimeter  of  sectional  area,  (o)  Calculate  the  ngth  of  each 
pole.     {&)  Calculate  '    *~v  a,  and  in  pOf,        with  «4udt 
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the  north  pole  of  one  rod  attracts  the  south  pole  of  the  other 
"od  when  the  poles  arc  at  an  approximate  -Jistancc  of  50  ccnii- 
i  from  each  other,  Ans.  {a)  3,200  units  pole ;  (^)  4,096 
jlynes.  0.00924  pounds. 

NoTi.  —  A  slim  ru<]  uf  the  btst  i|iiality  or  hardpntd  magnet  ttccl  reMiu  a  per- 
Meni  BiajfiuiiMiiim  or  *!ioot  Soo  uoils  ]>o1t!  pei  tijuiirc  crnlimelH  ircikmal  area. 

7.  One  of  the  magnets  of  prublem  6  is  supported  horizontally 
;  its  center  of  yravily.     Find   hiiw  far  from  the  center  a  ten- 

[ram  weight  must  be  placed  to  balance  the  tilting  action  of  tlic 
nertical  component  of  the  earth's  field,  tlic  value  of  which  is  0.52 
piuss  ;  tile  acceleration  of  gravity  is  980  centimeters  per  second 
r  second.     Ans.  8.49  centimeters. 

8.  Calculate  the  direction  and  intensity  of  the  magnetic  field 
due  to  both  poles  of  one  of  tlie  magnets  specified  in  problem  6 
It  a  point  which  is  40  centimeters  from  one  pole  and  jO  ccnti- 
Rtelers  from  the  other  pole.     Ans.  Inten.sity  4.079  gausses ;  makes 

1  angle  of  23"  37'  with  axis  of  magnet. 

9.  The  earth's  magnetic  field  at  a  certain  place  dips  63*  below 
t  horizon  and  its  intensity  is  0.58  gauss.     A  room  5x6x3 

tcrs  high  stands  with  its  two  3x6  meter  walls  in  the  mag- 
ietJc  meridian,  (a)  Find  the  magnetic  fiux  into  the  room  across 
s  ceiling  and  out  of  the  room  across  its  floor.  (S)  Find  the 
lagnctic  flux  into  the  room  across  its  south  wail  and  out  of  the 
»>ra  across  its  north  wall.  Ans.  {a)  1 55,040  maxwells,  {/>)  39,- 
\g$  maxwells. 

10.  One  of  the  pole  faces  of  a  dynamo  has  an  area  of  30 
I.  X  30  cni.  and  1,800.000  lines  (maxwells)  of  flux  pass  from 
c  pole  (ace  into  the  sniootli  core  of  the  armature.     What  is  the 

htcnsit)'  of  the  magnetic  field  in  the  air  gap  between  the  pole 
&ce  and  the  armature  core  ?     .Ans.  3,000  gausses. 

11.  Calculate  the  magncnc  flux  which  jiasscs  out  from  a  north 
cde  of  one  of  the  magnets  specified  in  probtcnt  0.  Ans.  40.210 
ox  wells. 

18.  The  armature  of  a  dynamo  has  a  length,  under  the  pole 
:,  of  50  centimeters.     The  iwignctie  field  intensity  in  the  g^ 


Ul  a  circular  coS  <£  wse  t£  20  c^  ratins  has  1 5  turns  of 
wire:.  How  nnicli  cnncnt  ts  iLi|KLfi  b  tiie  ood  to  ^vc  a  tiiag~ 
netk:  ScmI  EcocTt^^flf  00c  ^oss  at  the  center  of  die  ooO?  Ans. 
2. 1 22  amperes. 

1&  A  drcniar  coil  of  wvc  of  20  cm.  radns  has  1 5  turns  of 
wire  and  k  carries  ZO  J*np<tir<  Calmbte  ds  magnetic  fidd  in- 
tensity' :  I  ci)  at  the  center  of  the  coil,  (i)  at  a  point  in  the  axis  of 
the  coil  and  cfistznt  100  cm.  from  the  plane  of  the  coal,  and  (r) 
at  a  point  in  the  axis  of  the  cod  and  (febnt  200  on.  frmn  the 
plane  of  the  coiL     Ans.  (tf)  942;  (^  ao/io^;    (c)  0.00929 

gaU55. 

17.  A  solenoid  five  feet  long  has  1,600  turns  of  wire,  calcu- 
late the  magnetic  field  intensttj'  inside  of  the  solenoid  due  to  a 
current  of  10  amperes  in  the  nirc.     Ans.  131.8  gausses. 

18.  A  long  iron  rod  tno  inches  in  diameter  has  me  of  its  ends 
projecting  into  the  solenoid  specified  in  pnoUcm  17.  Assuming 
that  the  rod  is  magnetized  to  an  intensity'  of  1,500  units  pole  per 

are  cm.  section,  calculate  the  force  tendtng  to  draw  the  rod 


nt  of  20  amperts  flows  in  tlie 


ilo  the  solenoid  when  a  cun 
8.014  X  10*  dynes. 

Note.  —  One  pale  oC  the  loj  ij  in  tlie  intense  lield  intiile  of  tlie  uiiFnoid  uid  i* 
nited  wiih  a  fotec  of  mX  dynct  The  oihcr  pole  of  ihe  rod  a  iciuoie  frooi  the 
detuid  >nd  ibe  fnm  acting  upun  it  nuy  be  neglected. 

19.  A  current  of  0.5  ampere  flowing  through  a  glow  lamp 
[Cncnttcs  150  calorics  of  heat  in  10  seconds,  (a)  Required  the 
esistance  of  the  lamp  in  ohms.  {J>)  What  power  is  expended 
1  the  lamp  ?  Express  in  watts  and  in  horsc-powcr.  Ans.  {a) 
152  ohms;  {6)  63  watts  or  0.0844  horse-power. 
30.  A  wire  ha\ing  a  resistance  of  250  ohms  is  coiled  in  a 
wl  containing  2,000  grams  of  oil  of  which  the  specific  heat 
s  0.60.  The  vessel  itself  weighs  200  gnmis  and  its  spectlic  heat 
B  0.95,  A  current  of  1.5  amperes  is  passed  through  the  coil  of 
■e.  How  long  will  it  take  to  raise  the  temperature  of  tlie  oil 
1  the  x-essel  one  centigrade  degree  ?  Ans.  9. 1 1  seconds. 
81.  The  field  coil  of  a  dynamo  contains  25  pounds  of  copper 
'spedfic  heat  0.094),  weight  of  cotton  insuLition  negligible.  The 
Resistance  of  the  coil  is  100  ohms,  [a)  At  what  rate  does  the 
■lure  of  the  coil  begin  to  rise  when  a  current  of  0,5  am- 
■  started  in  the  coil  >  {(<)  How  long  would  it  tike  for  the 
c  of  the  coil  to  rise  20°  C.  if  no  heat  were  given  off 
a  the  coil  by  radiation  ?  .Vns,  {a)  0.0056  centigrade  degrees 
r  second  ,  (/>)  59  minutes,  j  1  seconds. 

8S.  What  is  the  resistance  at  25°  C,  of  one  mile  of  commcr- 
J  copper  wire  300  mils  in  diameter?     Ans.  1.426  ohms. 

JloTK.  —  One  MiV  ii  >  IhouAndth  of  an  inch.     One  cinuiar  mil  it  the  ami  of  ■ 
i«  mil  III  dlBinctrr.     The  am  of  a  cittlrif  TulUin  diaairtcr  vtJ'  cimilar  miU. 
MWfcm  length  of  wJic  1*  eipreued  in  (eri  and  >pctlanal  are*  In  circular  mill  (h*  nomei- 
J  vbIdc  of  i  in  cifuatiaa  ( ll>,  Chaplu  I.,  fot  cumniFtcliI  copper  at  35°  C.  \t  about 
nSolwu. 

8S.  A  given  spool  wound   full  of  copper  wire  102  mils  in 

r  has  a  resistance  of  1.5  ohms.     An  exactly  similar  sjjimI 

i  wound  full  of  copper  wire  204  mils  in  diameter,  what  1*1  its  k- 

e?     Aits.o.09}S  ohm. 


E  r;'  C  of  a  siesci  rati  30  (cet  k 
:  iKft  flf  Aed  weighs  o.  zS  lb.  1 
ad  »  S  iMBCs  that  of  copper.    Ans.    ' 

It  :%'  C  «f  a  30  foot  length  of 
^  inches  outsJe 
is  7  times  thatoT 


l>fadk^e<CBcfairire)i&  to  havta 
:  ^  f«d  Jawetgr  of  wire  in  mils. 
j^O^s  k:  (^  tind  the  weight  of 
1(c)  Sad  its  totaJ  cost  at  1} 
ceatepef  Sl  ,^3S-  :  *'  i^-^Bifc:  l>k  !.«3?  lb?.:  (.)  S195.45. 
M.  A  ^•-ex  ve^i^c  cf  cvTicKT  b  MamActDml  into  1 ,000  feet 
-■x  -m^  :  25  3ic^  si  <3bb«3-  kni^  a  rcsEtancc  of  0.629  ^I'")- 
Tbe  farsf  3:::c<c:iti:  'jt  cvdkt  b  aade  nto  J2  mil  wire  ;  find :  (a) 
as  >=^ ;   aai    7.-  is   resi>aBce.     Absl  («)   i6,ooo  feet ;  (i) 

fM.  Tbe  we^tc  1:4'  a  aabw:  ndi  of  copper  is  <X33  lb.  and  the 
rea^Caoce  of  as  iocb  ccbe  cf  cof^pcr  between  opposite  &ces  at 
30=  C  is  aoooooo6S  ohm.  Dcmc  a  fbrmula  givii%  the  resist- 
anoc  at  x>~  C.  of  copper  viie  in  feenns  cf  its  len^tli  in  feet  and 
its  weight  in  fts.     Ans.  R  =  aoooojtjS  CfW. 

30.  A  sample  «f  commercial  copper  wire  tluiee  feet  long  and 
1 20  mils  in  diameter  is  found  by  test  to  have  tbe  same  resistaiKe 
as  26.3  inches  of  pure  copper  wire  100  mils  in  diameter  ^  the 
same  temperature.  Find  the  conductn-ify  (reciprocal  cf  specific 
resistance)  of  the  sample  expressed  in  per  cent.  o{  tbe  conduc- 
tivity of  pure  copper.     Ans.  93.42  per  cent. 

31.  A  copper  transmission  line  has  a  resbtance  of  5  ohms  at 
—  20'  F.     What  is  its  resistance  at  90"  F.?     Ans.  6.236  ohms. 
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32.  TIk-  field  coil  of  a  dynamo  (topper  wire)  ha.s  a  resistance 
i  30  ohms  after  it  has  been  standing  for  a  long  time  in  a  room 
1  a  temperature  of  68'*  F.  After  the  machine  has  been  running 
iiUy  loaded  for  several  hours  the  resistance  of  the  field  coil  is 
IS  ohms,  what  is  the  temperature  of  the  coil  ?     Ans.  149"  F. 

,  An  ordinary  1 6-can  die -power  uo-volt  gloxv  lamp  has  a 
esistancc  of  400  ohms  at  o"  C.  and  230  ohms  at  a  white  heat, 
ay,  i50o''C.  What  is  the  average  temperature  coefficient  of  its 
sststancc  between  0°  C.  and  1 500"  C?  Ans.  —  0.0003  P*""  ""- 
igradc  degree. 

M.  The  specific  resistance  of  commercial  copper  is  1,600  c.g-s. 
inits  at  o**  C,  find  from  this :  {a)  the  resistance  at  0°  C.  of  a. 
oppcr  wire  I  mil  in  diameter  and  one  foot  long ;  and  (<*)  tlie  re- 
jstance  of  a  copper  bar  one  inch  long  and  one  square  inch  ia 
eciional  area.     Ans.  {a)  g.63ohms;  {6)  0.00000063  ohm. 

38.  When  a  certain  electric  generator  is  giving  out  no  current 
t  takes  I  75  horse-power  to  drive  it.  When  the  generator  de* 
ivers  a  current  of  i;o  amperes  it  lakes  25  ho  e-power  to  drive 
Assuming  that  the  increased  power  is  all  used  in  tlie  main- 
enance  of  the  150  am|x:res  of  current,  find  the  electromotive 
brcc  of  ihc  generator.     Ans,  ri 5,7  voIls. 

86.  An  incandescent  lamp  takes  0,6  ampere  when  the  electro- 
notive  force  lietwcen  its  terminals  is  1 10  volts.  Find  the  poi^'er 
deltvcretl  to  the  lamp  in  watts  and  in  horse-power.      Ans.  66 

ratts  or  0.0884  horsc-powcr, 

87,  A  90-callcd  2.000  candle-power  arc  lamp  has  a  current  of 
5^6  ampcrcN  flowing  through  it,  and  an  electromotive  force  of  47 

folla  between  its  terminals,  {a)  Find  how  many  kilowatt-hours 
I  how  many  horsc-power-hours  of  work  are  delivered  to  the 
p  during  a  run  of  eleven  hours.  {6)  If  the  charge  for  a  run  of 
dcvcn  hours  is  ly  cents,  find  the  price  of  power  per  kilowatt- 
bour.  Ans.  {a)  4,96  kilowatt-hours  or  6.66  horsc-fmwer-hours; 
*)  5-4J  cimts. 

38.  A  Ktf>ragc  battery  con.<usting  of  54  cells  connected  in  series 
las  a  remittance  of  aooo2  ohm  per  cell,  and  an  electromotive 
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per  cell  which  ranges  Troni  2  volts  at  the  beginning  lo  i.8j. 
vults  at  the  e  iJ  of  the  discharge.  The  batter}'  supplies  cuncnl 
tt>  too  glowlanqn  (each  having  220  ohms  re^^istance )  oxmectcd' 
m  panllel  bctvEecn  copper  n-inrs  0.325  inch  in  diameter  at  a  dis- 
tance o(  200  feet  from  the  battery.  Find  the  electromotive  force 
bet«'ecn  the  tcnninab  of  the  group  of  lamps  at  the  beginning  and 
at  Ifae  Bid  of  tbe  dbdiarge  of  the  storage  battery.  Ans.  105.fi 
Tolt)  aod  97.3  vahs. 

Ml  Tbc  dcctnmotive  '  *     'nttcry  is  1  j  volts  (measuroi 

of  coime  ao  opei  drcart^  t<^  terminals  are  connected 

faf  a  wire,  vben  it  a  obse  a  cDTrent  of  t.5  aatpercss  I 

itbeektf  :  between  the  battery  termi-  ^ 

19  Mils.     Fad  of  tbe  wire  and  the  apparait  j 

■see  ol*  dK  haOay  nms  and  4  afams. 


M  FiTti  ^>e  total  <i«liomoliwe  fane  dot  most  be  induced  in 
a  ,^i-narti,>  arrruKav  *o  satA  a  ckar^r^  cmratt  of  100  amperes 
*~~'c^>:  a  jv-'O^  baiuy  lmbmMjiii  of  54  cdb  coonectcd  io 
sii-rT;^  yjtci  oeC  hkf  aa  aw^engc  nwJi  1  dectromotii'c  force  1^ 
:-  :  \'.-vt:!^  thf'  r£^s>sx3.»  citadk  ocO  b  oxxxH  ofaoi.  the  resEtance 
.V  ;V  .S-Ttam.^  xrnacrsx  is  0.02  oka.  aad  At  rcssbnce  of  tbe 

U  A  .'S-Tu.^in.-  ii£tii^  am  ilmii^iilin  fane cf  1 1 3  nJts be- 
r*v-^'"-  ^  ^r-aiBiaj?  ^drtvr?  .aoo  anpocs  k>  a  gtoup  </  glov 
W^-,.-^  ~  .vv  ^.-c  .3»:&:;c  tv^  ^k  y  "*^  Fnd :  («)  tbe  9ze 
.■<  -wvv  i-i-?  "•'.X  rie  muB?  m  ^nler  A^  95  pa  cenL  of  tbe 
;v>Kv^  .N.^\ic  .V  rV  psiegn.T  sor he dcfinocd  to  tbe  lamps; 
.'"•••'  -•  '^  •  f  •  '  -i  I  >'hi  MMi  J  ihi  Imhii  Am. 
V **  ■  s  '  .w  -■■■  -c-iJiK-  3nii> ,    r  ;-i:^^5  ii^i 


the  motor  being  2,000  feet  from  the  generator,  and  the  elcctro- 

notivc  force  between  the  generator  tcntunals  being   125  volts, 

Ans.  230.000  circular  mils, 
13.  A  motor  receiving  100  kilowatts  of  power  is  at  a  distance 
r  15  miles  from  the  generator.     Line  wires  200  mils  in  diameter 
re  to  be  used.     The  line  loss  is  to  be  10  per  cent,  of  the  gcii- 
rator  output.     Find;    (o)  the  current;  (d)   the  voltage  at  the 

jenerator;  and  (r)  the  voltage  at  the  motor.     Ans,  (a)   ifi.ij 
mpercs;  (<*)  6,894  volts;  (<-)  6,304  volts, 
Nort.  —  I  ligh  rotlngc  diieci  cuiteni  power  tcuitmisiiun  ii  not  lue 
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44.  Six  cells  of  battery  each  having  an  electromotive  force  (on 
Bpcn  circuit)  of  2. 1  volts  and  a  rtstsLincc  of  5  ohms  are  connected 
s  shown  in  Fig.  44P.  The  resistance  of  ai  is  1 50  ohms,  (a) 
Locate  the  point  P  so  that  no  current  will  be  indicated  by  the 
galvanometer  G.  (/>)  The  con- 
t  P  being  at  the  middle  point 
Bf  a6  and  the  totiil  resistance  of 
Hie  path  AfGP  being  25  ohms 
find:  (l)  the  current  in  each 
lath  a,  fi  and  G,  and  (2)  the 
electromotive  force  between  the 
lenninals  of  the  left-hand   cell 

and  the  voltage  between  M  and  N.  Ans.  (a)  fl/*«*0.2;  {B) 
0.042  ampere  in  a,  0.0924  ampere  in  f>.  0.0504  ampere  in  (7; 
1.89  volts  between  terminals  of  Idt-hand  cell,  and  S.19  volts 
between  3/  and  A'. 

48.  A  one-ohm  coil  is  tested  and  found  to  have  a  resistance  of 

,004  ohm,     (<?)  What  length  of  German   silver  wire  ha\ing  a 

resistance  of  15  ohms  per  meter  must  be  connected  in  parallel 

the  terminals  of  the  coil  to  gii'e  a  combined  resistance  of 

ohm  7     {fi)  Suppose  tliat  an  error  of  5   |>er  cent  is  made  in 

leasuring  off  tiie  required  length  of  the  <}cnnan  siKxr ;  what 

be  the  pcrDenta;;c  error  of  the  corrected  one-ohm  coil  ?     ■■\ns. 

1)  16.7J  meters ;  (*)  about  ^  of  one  per  cent. 


ENGINEERINC. 

TarioBs  braocbes  of  a  Whcatstone 

s  Fig.  46/'     The  batter>-  has  an  electro- 

m  die  SrcOioa  of  the   arrow.     Find 

the  cuirent  in  the  gahanomder 

branch  cj  and  spedlj^  its  direc- 

Ans.    0.0001024   ampcTf 

frocn  J  towards  r, 

*T.  The  netivork  shouTi  ia 
Fip.  a6P  has  a  one-voll  x-oitaic 
o  negligible  resistance  ooci- 

aeOt     in  the  branch  lii  tending 
*^     *  e  current  from  d"  towards  rf. 
the  current  in  the  branch 
«^  and  «fnd^-   ks  (Srcdioo.      .».:^  aooo735   ampere  from  r 

tt.  A  dkcct-na&tQ  ammeter  has  a  resistance  of  0.05  ohm. 
The  tn*-uincni  b  provided  w-rth  a  shunt  50  that  the  total  currcnl 
pas^ingthrough  the  instrument  and  shunt  is  lO  times  the  ammeter 
reading.  WTiat  is  the  resistaiKc  of  the  shunt  ?  Would  it  be 
practicable  to  construct  such  a  shunt,  measure  its  resistance  by  a 
WTieatstone's  bridge,  and  connect  it  to  the  ammeter  terminals  ? 
If  not,  how  could  such  a  shunt  be  accurately  adjusted?  Ans. 
0.00556  ohm. 

49.  The  scale  of  a  direct-reading  mi  Hi  voltmeter  has  100  divi- 
sions, each  diWsion  corresponding  to  one  millivolt  between  the 
terminals  of  the  instrument.  This  instrument  is  connected  to  the 
terminals  of  a  low  resistance  shunt  and  each  division  of  the  scale 
corresponds  to 0.25  ampere  in  the  shunt  What  is  the  resistance 
of  the  shunt?     Ans.  0,004  ohm, 

60,  A  millivoltmeter  has  a  resistance  of  15,4  ohms.  What 
resistance  must  be  connected  in  series  with  the  instrument  so 
that  the  scale  reading  may  give  volts  instead  of  nrullivolts  ?  Ans. 
15,384.6  ohms. 

111.  A  direct-reading  voltmeter  J^.  Fig.  p.  51,  having  i6,00O 
ohms  resistance,  is  connected  from  main  A  to  earth.   The  voltmeter 
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tUMin  B 


earth 


Fig.  51/*. 


Supply  mala 


gives  a  reading  of  2.6  volts  and  the  electromotive  force  between 

the  mains  is  no  volts.     Find  the  insulation  resistance  between 

main  B  and  the  earth  on  the 

assumption  that  the  insulation "^" 

resistance  of  main  A   is :  (a) 

infinite ;  (d)  the  same  as  that 

of  main   B;    (c)  one-tenth  of 

that    of    main    B.     Ans.    (a) 

660,900   ohms ;    (d)   644,900 

ohms  ;  (c)  500,900  ohms. 
52.  The  armature  D,  Fig.  52 

P,  of  a  dynamo  is  connected  to 

supply  mains  in  series  with  an  ammeter  A  and  a  suitable  rheostat 

7?,  and  the  ammeter  reads   50  amperes.     The  terminal  leads  // 

of  a  low  reading  voltmeter  V  are  connected  to  the  two  commu- 
tator segments  d  and  c  and 
the  voltmeter  reads  4.2  volts. 
The  leads  //  are  then  con- 
nected to  brush  lead  a  and 
segment  d  and  the  voltmeter 
reads  i .  i  volts  ;  the  same 
reading  is  obtained  when  the 
leads  are  connected  to  seg- 
ment c  and  brush  lead  d. 
Find  :  (i)  the  resistance  of 
the  armature  between  com- 
mutator segments  d  and  c ; 
(2)  the  resistance  of  each 
brush,  including  contact  re- 
sistance between  brush  and 
commutator  ;  and  (3)  the 
total  resistance  between  a 
and    d.      Ans.    (  i )    0.084 


Smppfy  wudn 


Fig.  52-P. 

ohm;  (2)  0.022  ohm;  (3)  0.128  ohm. 

63.  A  straight  horizontal  metal  bar  3  meters  long  falls  parallel 
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to  itscif  at  a  uniform  velocity  of  i  ,ooo  centimeters  per  second 
The  bar  points, magnetic  east  and  west  and  the  horizontal  compo- 
nent of  the  earth's  magnetic  field  is  0,2  gauss.  How  much 
electromotive  force  is  induced  in  the  bar?  Express  tlie  resuU 
in  c.g.s,  units  and  in  volts.  Ans.  60,000  abvolts  or  0.0006  volt. 
54.  The  straight  metal  spoke  of  a  wheel  is  40  centimeters  long. 
The  plane  of  the  wheel  is  vertical  and  magnetic  east  and  west. 
The  horizontal  component  of  the  earth's  magnetic  field  is  o,; 
gauss,  (ij)  How  many  lines  of  force  docs  the  spoke  cut  in  one 
revolution  ?  {/>)  How  much  electromotive  force  is  induced  in  the 
spoke  when  tlie  wheel  makes  25  revolutions  per  second  ?  Ans. 
{.7)   1,005.3  maxwells;  (1^)0.000251  ^'olt. 

55.  The  wheel  of  problem  54  is  replaced  by 
I  a   metal    disk  80   centimeters    in    diameter. 

What  is  the  electromotive  force  between  the 
ctntcrand  the  circumference  of  the  disk  when 
its  speed  is  25  revolutions  per  second?  Ans 
0.000251  voh. 

A  wire  is  bent  to  form  a  rectangle 
AB.  Fig.  56/',  which  is  rotated  about  the  \cr- 
tical  axis  CD  at  a  speed  of  25  revolutions  per 
second.  The  horizontal  component  of  the 
earth's  magnetic  field  is  0.2  gauss,  (a)  Hoiv 
much  magnetic  flux  passes  through  AB  when 
its  plane  is  magnetic  east  and  west  ?  (^)  How 
much  flux  passes  through  AB  one  quarter 
of  a  revolution  later?  (f)  What  is  the  aver- 
age value  of  the  electromotive  force  which  is  induced  in  the 
wire  AS  during  this  quarter  of  a  revolution?  Ans.  (a)  480 
maxwells  ;  (fi)  zero ;  (<r)  0.00048  volt. 

57.  A  conductor  A,  Fig.  57/*,  perpendicular  to  the  plane  of 
the  paper,  is  caused  to  move  in  the  direction  of  one  of  the  arrows. 
Specify  the  direction  of  the  induced  electromotive  force  in  each 
of  the  four  cases. 

68.  The  pole  face  of  a  dynamo  is  30  centimeters  long,  parallel 


3^ 

1       * 

h' 

D 

Fig.  S6/'. 


o  the  axis  of  the  armature,  and  the  field  intensity  in  the  air  gap 
ictwccn  the  pole  face  and  the  armature  core  is  6,000  gausses. 
The  wires  on  the  armature  are  1 2  cenlimelcrs  from  the  axis  of  tlie 
armature,  ami  the  speed  of  the  armature  is  1,800  revolutions  per 
minute.     Find  the  electromotive  force  in  volts  induced  In  each 
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armature  wire   (30  cm.   long)  as  it  sweeps  across  the  pole  face. 
Ans,  4,072  volts, 

SB.  Tlie  core  of  an  induction  coil  carries  100,000  lines  of  flux 
when  current  is  flowing  through  the  primar>-  coil.  When  tJic 
prtaur>'  circuit  is  br<>ken  the  (lux  through  the  core  drops  to 
10,000  lines  in  0.002  second.  I  low  many  turns  of  wire  arc  re- 
quired in  the  secondary  coil  in  order  that  an  average  clectromo- 
:  force  of  j,ooo  volts  may  be  induced  in  it  during  the  0.00a 

rand?     Ans.  It.itoturns. 


Chaitek  II.  TuE  Dynamo. 
M.  A  coil  of  wire  wound  on  one  tooth  of  an  aJtcmator  arma- 
ture like  that  shown  in  Fig.  16.  Chapter  11.,  has  So  turns  of  wire, 
When  the  tooth  is  squarely  under  a  north  pole  of  the  field  mag- 
I  the  magnetic  flux  through  the  coil  is  2,500.000  maxwells. 
t  field  magnet  has  ten  poles  and  the  armature  nukes  25  rcvo- 
itionsper  second.  Find  the  average  value  of  the  elcctromoti^•c 
brce  induced  in  the  armature  coil  while  the  tooth  on  which  it  is 
■round  moves  from  a  position  squarely  under  a  nortli  pole  to  a 
Mitkin  squarely  under  a  south  jx)!c  of  the  field  magnet.  Ans, 
,000  volts. 
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61.  The  ring  armature  of  a  bipolar  direct-current  dynamo  has 
260  turns  of  wire  upon  it,  the  armature  is  driven  at  a  speed  of 
i,2CX)  revolutions  per  minute,  and  the  magnetic  flux  from  one 
pole  face  into  the  armature  core  is  3,5cx>,ooo  lines.  Calculate 
the  electromotive  force  of  the  dynamo  in  volts.     Ans.  182  volts. 

62.  The  armature  specified  in  problem  61  has  400  feet  of  320 
mil  copper  wire  wound  upon  it.  What  is  the  resistance  of  the 
armature  from  brush  to  brush?     Ans.  0.01055  ohm  at  25*^  C. 

63.  The  armature  specified  in  problems  61  and  62  is  usedwth 
a  six-pole  field  magnet  with  six  sets  of  brushes,  (a)  What  is  the 
resistance  of  the  armature  between  positive  and  negative  brush 
sets?  (d)  The  flux  per  pole  of  this  six-pole  field  magnet  is 
600,000  lines.  What  is  the  electromotive  force  of  this  six-pole 
dynamo?    Ans.  (a)  0.00117  ohm  at  25**  C. ;  (d)  31.2  volts. 

64.  The  field  winding  of  a  shunt  generator  has  a  resistance  of 
40  ohms  and  the  electromotive  force  between  its  brushes  is  1 10 
volts,  (a)  What  is  the  value  of  the  field  current  ?  (d)  What 
amount  of  power  is  expended  in  field  excitation  ?  (r)  The  full- 
load  current  output  of  the  generator  being  50  amperes  (at  1 10 
volts),  express  the  field  current  in  per  cent,  of  the  full-load  cur- 
rent output,  and  express  the  power  consumed  in  field  excitation 
in  per  cent,  of  the  full-load  power  output  of  the  generator.  Ans. 
(a)  2.75  amperes;  (d)  302.5  watts;  (c)  5.5  per  cent.,  5.5  per 
cent. 

65.  The  field  winding  of  a  series  generator  has  a  resistance  of 
o.  121  ohm.  The  full-load  current  output  of  the  generator  is  50 
amperes  at  i  10  volts  between  the  generator  terminals,  (a) 
What  electromotive  force  is  lost  in  the  field  winding  at  full-load? 
[d)  How  much  power  is  consumed  in  field  excitation  at  full-load? 
Express  the  volts  lost  in  the  field  winding  in  per  cent,  of  the  full- 
load  terminal  voltage  of  the  machine,  and  express  the  power  con- 
sumed in  field  excitation  in  terms  of  the  full-load  power  output 
of  the  generator.  Ans.  {a)  6.05  volts  or  5.5  percent.  ;  (d)  302. 5 
watts  or  5.5  per  cent. 

66.  The  motor  of  a  motor-generator  set  takes  ICX)  amperes  at 
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]io   vults  from  supply   mains  and  delivers  85   per  cent,  of  its   , 

lower  intake  to  the  generator  which  it  drives.     This  generator  in 

its  turn  delivers  84  per  cent,  of  its  [wwer  intake  to  a  receiving 

circuit  at  30  volts.     Find  the  current  delivered  by  the  generator. 

^ns,  392.7  amperes. 

67.  A  homopolar  dynamo  h'ke  Fig.  62,  Chapter  II,,  is  driven  at 
a  speed  of  3.000  revolutions  per  minute.  The  flux  passing 
through  the  cylindrical  armature  AA  is  5  million  lines.  What  is 
:  electromotive  force  between  positive  and  negative  brushes  ? 
Ans,  2.5  volts. 


Chapter  III.  Tim  Dynamo  as  a  Generator. 
68.  A  given  shunt  generator  gives  an  induced  electromotive  I 
force  of  1 10  volts  when  run  at  a  speed  of  1.200  revolutions  per 
minute  with  a  total  resistance  of  56  ohms  in  its  shunt  field  circuit 
If  this  machine  is  driven  at  a  speed  of  1,500  revolutions  per 
minute  what  must  be  the  total  resistance  in  the  shunt  field  circuit 
J  cause  the  machine  to  generate  an  electromotive  force  of  137.5 
rolts?     Ans.  70  ohms. 

49.  The  electromotive  force  of  a  shunt  generator  decreases 
I  1 10  volts  to  93  volts  when  the  sjiced  is  reduced  from  1,000 
n  9DO  revolutions  |>cr  minute.  The  armature  flux  at  the  higher 
Apeetl  is  1,000,000  lines,  (a)  Wliat  is  the  armature  Rux  at  the 
lovfer  speed?  {/>)  What  would  the  electromotive  force  of  the 
Bencralor  be  at  the  lower  s]x;eil  if  its  armature  flux  were  kept 
constant  at  a  value  of  1 ,000.000  lines  ?  (/■)  What  causes  the  flux 
9  decrease  with  the  speed  ?  .Ans.  {a)  939.390  lines ;  (fi)  99  volts. 
TO.  The  resistance  of  a  generator  armature,  including  brushes 
id  brush  contacts,  is  0.14  ohm.  The  total  electromotive  force 
iduced  fa  the  armature  is  1 20  volts.  Find  the  value  of  the  elec- 
romotive  force  between  the  brushes  when  the  current  in  the 
Miature  is  70  amperes.  Ans.  11 0.2  volts. 
71>  A  battery  consisting  of  ten  Daniell  cells  has  an  elcctromo- 
e  lone  of  10.8  volts  (measured  on  open  circuit)  and  an  internal 
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resistance  of  4  ohms.  Find  :  {a)  the  terminal  voltage  of  & 
lutUrN'  when  it  is  delivering  a  current  of  1.2  amperes  :  ir;  the  re- 
sistance of  the  extenial  circuit.     Ans.  (a)  6  volts  ;  (^;  5  ohms. 

7i  The  electromotive  force  of  a  shunt  generator  rises  irc*m 
\  \0  ^^>Us  at  full-load  to  130  volts  when  the  receiving  circuit  is 
tlisc\\nnecteiL  What  is  the  precentage  regulation  of  the  machine  ? 
Ans.  1 8.^  iKr  cent 

7S.  The  electnimotix'c  force  of  a  shunt  generator  dri\en  at 
o\^nstanl  s|>ecil  decreases  from  1 1 5  volts  when  the  brushes  are 
in  the  neutral  axis  to  t)0  volts  when  the  brushes  have  20®  for- 
waul  K\\d»  When  the  field  of  this  generator  is  separately  exdted 
the  eKvtn>moii\t>  force  decreases  from  1 1  5  volts  when  the  brushes 
au^  iit  the  mnitral  axis  tv>  ICX)  volts  when  the  brushes  have  20° 
KM  waul  loa\l  I'hie  million  lines  of  armature  flux  are  required  to 
i^ixe  \  \  \  wxUs  when  the  brushes  are  in  the  neutral  axis.  What 
is  the  value  W*  the  armature  flux  when  the  machine  is  giving, 
Nclf  o\v  itw?.  an  olectT\>moti\*e  force  of  90  volts  with  20°  forward 
S- ,  n;*.  \  ,v,!  ^  rix'  .irmature  current  in  all  the  above  is  assumed 
tv^  !v    ^j^lu-.Mv  vrv.all.      Ans.  vkx\ooo  maxwells. 

74  \  v^v\;!.i:o!\  c\viu\i  i:encrator  with  brushes  in  the  neutral 
.i\'.N  ;;!\  V  N  .r*  V 'vv::  v^:v.v^tive  torco  of  i  I  5  volts.  The  electromotive 
*v^'s\^  'v:uv':*  v^!*o  v^t"  ::x^  main  brushes  of  this  generator  and  an 
.Is  \t  \;  \  :v,.N>.  \  ;^^  'rv^m  it  in  the  direction  of  rotation  is  8  volts. 
W  :m:  Wv^.  \i  :/.o  v\v:r\^!v»oti\e  torcc  between  the  main  brushes  be 
'.:  :'u\  Uv'c  ;;.\v-^  .1  :>r\varv:  load  of  15"  ?  The  armature  current 
IN  .inn;-.'.u\'  :.^  "v  •*o^!:i;!Mc.      Ans,  ».x)  volts. 

7^  A  v\:.i;/  bi  V  .1!  ^:v.:!U  ^^enerator  like  Fig.  35,  page  52.  is 
:,i:v\!  r^^  .:*\v*  it^  •.:'.'.  !v\ivi  current  of  50  amperes  at  a  terminal 
\vv:.i;;v'  v^'  : vV  x.^'.tN.  To  -^ixe  lOO  volts  at  zero-kxid  a  neld 
o\v.:.i:\>!>.  v^'"  S.  '  .\^  .r.v.;.v:c-:L:r:!s  is  rcvraired.  At  full-load  a  field 
e\.;:.i:!^^-.  o*'  :.\;oo  a!r.-,v!c-turn<  is  rev]uired.  Find  the  number 
o:  t.:t!^.N  !c.'.  :-v\'  I'l  :'.u*  <c:ies  field  coil  to  orive  flat  co m do undini::. 
A!*N.   4S  tv-.r 
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78.  Given  a  two-pole  dynamo  having  a  ring  armature  20  centi- 
Dictcrs  lony  and  34  centimeters  outside  diameter  ivith  250  turns 
of  wnre  (  =  ^),  and  50  commutator  bars  which  arc  connected  to  J 
the  armature  windings  by  radial  connectors.  The  resistance  of  . 
the  armature  between  brushes  is  0.4  ohm.  A  double  pilot  brush 
IS  made  by  tying  two  light  copper  strips  to  the  sides  of  a  stick 
of  which  the  thickness  is  equal  to  the  width  of  a  commutator  bar, 
and  these  two  copper  strips  are  connected  lo  a  voltmeter.  The 
dynamo  is  driven  as  a  generator  at  a  speed  of  1.200  revolutions 
per  minute  at  zero-load,  and  the  voltmeter  reads  8.1  volts  when 
the  double  pilot  brush  is  held  against  tlic  commutator  anywhere 
within  the  limits  of  a  pole  face.  Kind  :  [a]  the  mean  intensity  of 
the  magnetic  Reld  in  the  air  gap  between  tlic  pole  lace  and  the 
armature  core. 

The  dynamo,  driven  as  a  generator  at  the  same  speed  as 
before,  now  delivers  a  current  of  40  amperes  from  its  armature, 
and  the  voltmeter  is  observed  to  read  2  47  volts  and  11. 56  volts 
when  the  double  pilot  brush  is  held  against  the  commutator 
under  the  leading  tip  and  the  trailing  tip  respectively  of  a  pole 
piece.  Find :  (6j  the  field  intensity  in  the  air  gap,  under  a  leading 
pole  tip,  and  (<-)  ditto  under  a  tmiling  pole  tip.  Ans,  {a)  3,791 
ausscs;  (^)  1,456  gausses;  (c)  5,711  gausses. 

NoTt.  —  The  voltmeier reading  (i)  or  (e)  ti  ihe  iniluc«)  clFCtromotiTe brce  ninai 
r  ri  drop  In  •  WKtion  of  ibe  aniulure  winding.  ThI*  pmlitein  llluflraln  ■  polnl 
hicb  it  iliwiuwil  in  Art.  77. 

77.  A  series  generator  has  a  total  internal  resistance  of  0,2 
ohm.  When  the  generator  is  driven  at  a  s|iced  of  1,000  re\'olu- 
tions  per  minute  it  gives  a  terminal  voltage  of  99  volts  with  a 
Current  output  of  5  amperes.  Increasing  tlie  current  output  to 
10  amperes  increases  llic  useful  flux,  *,  by  50  per  cent.     Find 

e  tenninal  voltage  of  tlic  generator  when,  driven  at  a  speed  of 
1,300  revolutions  per  minute,  it  delivers  a  current  of  10  amperes. 
Ans.   178  volts. 
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Chapter  IV.     The  Operation  of  the  Dynamo  as  a  Motor. 

78.  A  shunt  motor,  connected  to  i  lo-volt  supply  mains,  takes 
2.6  amperes  through  its  shunt  field  winding,  and,  when  the 
motor  is  unloaded,  it  takes  3.0  amperes  through  its  armature  and 
runs  at  a  speed  of  997  revolutions  per  minute.  The  rated  full- 
load  armature  current  of  this  motor  is  50  amperes,  and  the 
resistance  of  its  armature  including  brushes  and  brush  contacts  is 
o.  1 1  ohm.  At  what  speed  would  this  motor  run  if  the  friction, 
eddy  current,  and  hysteresis  losses  in  the  armature  were  zero  ? 
Ans.    1,000  revolutions  per  minute. 

Note.  — This  speed  is  called  the  ideal  zero-load  speed  of  the  motor.  It  is  the 
speed  at  which  the  motor  would  run  if  no  torque  were  required  to  supply  the  losses 
due  to  friction,  eddy  currents,  and  hysteresis.  If  these  losses  were  zero,  the  armature 
current  at  zero- load  would  be  zero,  the  ri  drop  in  the  armature  would  be  zero,  and 
the  induced  electromotive  force  would  be  equal  to  Ex. 

79.  From  the  data  given  in  problem  78  find  :  (^7)  the  counter 
electromotive  force  of  the  motor  at  full-load,  and  (^)  the  full-load 
speed  of  the  motor  (assuming  4>  to  be  constant).  Ans.  (a)  104.5 
volts  ;  (/;)  945.5  rev^olutions  per  minute. 

80.  The  actual  full-load  speed  of  the  motor  of  problem  J^  is 
observed  to  be  980  revolutions  per  minute  instead  of  the  speed 
as  calculated  in  problem  79.  Find  the  value  of  the  ratio  <^j^' 
where  ^  is  the  armature  flux  due  to  the  field  winding  alone,  and 
<!>'  is  the  actual  value  of  the  armature  flux  at  full -load  due  to  the 
combined  action  of  field  and  armature  currents.     Ans.    1.036. 

81.  (a)  Calculate  the  resistance  that  must  be  connected  in 
.series  with  the  armature  of  the  motor  of  problem  yS  to  give  a 
speed  of  500  revolutions  per  minute  under  full-load  (50  amperes 
m  the  armature) ;  (Ij)  find  the  speed  of  the  motor  when,  with  this 
resistance  in  the  armature  circuit,  the  load  is  reduced  to  one  half 
(25  amperes  in  the  armature)  and  to  one  quarter  (12.5  amperes 
in  the  armature)  respectively.  In  this  problem  assume  that  4> 
Yemains  the  same  as  at  zxro-load.  Ans.  {a)  0.99  ohm  ;  {b)  750 
and  875  revolutions  per  minute. 

82.  {a)  F'ind  the  value  of  the  induction  factor,   *Z',  of  the 
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notor  specified  m  problem  ;8 ;  and  (6)  calculate  the  tnrtiuc  in 
K>und-inciies  developed  by  tlie  motor  when  its  amialure  current 
I  50  anipcres,  assuming  <t>  to  have  tlic  same  value  at  zero-load 
nJ  at  full  load.     Ans.  {u)  6.6;  (*)  465.3  pound-inches. 

B3.  A  four-pole  motor  has  a  four-path  armature  30  cm.  in 
Itamvter  and  35  cm.  long,  that  is  to  sa>-,  the  armature  core  and 
K>lc  faces  are  35  cm.  long  in  a  direction  parallel  to  the  shaft  ;  0.7 
f  the  periphery  of  the  armature  is  under  the  four  pole  faces,  and 
c  are  250  conductors  on  the  suifacc  of  the  armature.  The 
n  intensity  of  the  ma^^nctic  lield  in  the  air  gap  is  4.500 
ises,  and  the  total  current  flowing  through  the  armature  is 
100  amperes,  {a)  Calculate  the  side  pu^^h  in  dynes  acting  on 
ach  wire  under  the  pole  faces,  from  this  calculate  the  total 
orque  in  dyne -centimeters  and  reduce  the  result  to  pound-inches. 
'd)  Calculate  the  value  of  4>  and  the  value  of /f  from  the  above 
and  tlien  calculate  the  torque  in  pound-inches  by  equation 
|25),  Ans.  (a)  393.750  dynes  and  915  pound-inches;  (A)  915 
pound-inches. 

M.  Find  the  current  which  would  flow  through  the  armature 
if  the  motor  specified  in  problem  78  if  the  armature  were  to  be 
»nncctcd  directly  to  the  1 1  o-volt  supply  mains  at  starting.  Ans. 
1 ,000  amperes. 

8ft.  The  resistance  of  tlie  field  circuit  of  the  shvmt  motor  spe- 
ofied  in  problem  78  is  doubled  by  adjusting  a  field  rheostat,  the 
actual  zerii-load  speed  of  the  motor  is  observed  to  rise  to  1,500 
n^olutions  per  minute,  and  the  armature  current  to  3.3  amperes. 
In  what  ratio  has  the  armature  flux  ^  been  changed  by  the 
ktubling  of  the  resistance  of  the  field  drcuit?     Ans.  1  :  0,664. 

.  One  terminal  of  a  voltmeter  is  connected  by  .1  lead  to  the 

xiiative  brush  (which  is  in  the  neutral  axis)  of  the  motor  spcd- 

I  in  problem  78.  the  other  voltmeter  lead  is  touchcil  to  the 

Conunutator  at  an  angular  distimcc  of  15°  ahead  of  tlic  positive 

-ush,  and  tlie  voltmeter  indicates  9.2  volts.     What  would  be 

ttie  ideal  zen>-lo.-id  speed  of  the  motor  if  its  main  bnishes  were 

n  a  forward  lead  of  1 5  "?   Ans.  1 ,300.9  revolutions  per  minute. 
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Note.  —  Imngine  the  machine  lo  be  running  at  iU  idnl  zero- load  speed  wilh  tlO 
io\ti  applied  to  its  brushet  which  are  in  the  neutral  aiis.  Under  these  condiliuni  llic 
induced  cleclroinolive  force  (counter  electiomotive  force)  between  tl)e  brushes  a  ITO 
volls,  and  the  induced  eleclromolive  force  between  two  BUxiliarj'  bruihes  15°  ahe«d 
of  the  oeuttal  axh  is  (no  —  af).  If  the  main  brushes  arc  now  shifted  15**  ibrward^ 
liking  the  [ilace  of  the  two  auiiiiary  brushes,  then  ttie  speed  must  increase  sufHcirmiy 
to  make  the  induced  eteetromolive  force  equal  lolhe  appbtd  voltage.  In  this  proUent 
and  Ihe  one  that  follows  (he  armature  corrent  is  assumed  to  be  negligibly  small,  ll  is 
to  be  noted  that  the  speed  equation  (3J^}<  page  98,  is  true  only  irbmthe  bruUiuue 
in  the  neutral  aais. 

87.  The  ideal  zero-load  speed  of  the  motor  specified  in  prob- 
lem 78  increases  to  i  ,700  revolutions  per  minute  when  the  brushes 
are  shifted  25^  from  the  neutral  axis.  Find  the  electromotive 
force  between  :  (u)  an  auxiliary  pair  of  brushes  in  the  neutral 
axis  ;  (/>)  one  of  the  main  brushes  and  an  auxiliary  brush  in  tlie 
neutral  axis.      Ans.    («)  \8y  volts  ;  (d)  38.5  volts  or  148,5  volts. 

88.  Ignoring  the  demagnetizing  action  of  the  current  in  the 
armature,  calculate  :  (a)  the  resistance  that  must  be  connected  in 
series  with  the  armature  of  the  motor  specified  in  problem  78  to 
reduce  its  speed  to  800  revolutions  per  minute  when  its  load  is 
such  as  to  make  the  armature  intake  50  amperes;  (d)  the  watts 
lost  in  this  resistance  expressed  in  per  cent,  of  the  total  power 
intake  of  the  motor.  Ans.  (a)  0.33  ohm ;  (d)  833  watts  or  14.4 
per  cent. 

89.  The  field  current  of  the  motor  described  in  problem  78  is 
increased  to  4.8  amperes  by  cutting  out  a  portion  of  the  field 
rheostat.  This  reduces  the  full-load  speed  of  the  motor  to  800 
revolutions  per  minute.  Calculate  the  increase  of  power  deliv- 
ered to  the  field  circuit  due  to  the  increase  of  field  current  from 
2.6  to  4.8  amperes,  and  express  it  in  per  cent,  of  the  power  lost 
in  the  armature  rheostat  in  problem  88.  Ans,  242  watts  or  29.1 
per  cent. 

80.  The  motor  of  problem  78  has  its  field  permanently  con- 
nected to  1  io-vo!t  mains  and  its  speed  is  reduced  to  200  revolu- 
tions per  minute  at  full-load  (50  amperes  in  the  armature)  by 
having  its  armature  connected  to  low  voltage  supply  mains. 
Calculate  :  (a)  the  electromotive  force  of  the  low  voltage  mains, 
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the  full-load  speed  on  the  1 10-volt  mains  being  980  revolutions 
per  minute  ;  {b)  the  horse-power  developed  by  the  armature  at 
this  reduced  speed  expressed  as  a  fraction  of  the  horse-power 
developed  by  the  armature  when  running  under  full-load  on  no- 
volt  mains  at  a  speed  of  980  revolutions  per  minute.  Ans.  {a) 
26.8  volts  ;  (Jb)  20.4  per  cent. 

91.  The  actual  full-load  speed  of  the  motor  of  problem  78  is 
980  revolutions  per  minute  (armature  current  50  amperes).  This 
machine  is  driven  as  a  generator  at  a  speed  of  980  revolutions 
per  minute,  and  the  field  rheostat  is  adjusted  to  give  the  same 
field  current  (2.6  amperes).  Find  :  {a)  the  terminal  voltage  of  the 
generator  when  the  armature  current  is  50  amperes  ;  (J?)  the  total 
resistance  of  the  field  circuit  (field  coils  plus  field  rheostat)  when 
the  machine  is  operated  as  a  motor  and  as  a  generator  respec- 
tively ;  {c)  the  resistance  which  has  been  cut  out  of  the  field 
rheostat.  Ans.  {a)  99  volts;  (^)  42.3  and  38.1  ohms;  {c)  4.2 
ohms. 

Note.  —  It  is  assumed  in  this  problem  that  the  armature  flux  <^  is  the  same  in 
value  whether  the  machine  operates  as  motor  or  generator.  This  is  true  if  the  back- 
ward lead  of  the  brushes  for  the  motor  is  equal  to  the  forward  lead  of  the  brushes  for 
the  generator,  armature  current  being  the  same  in  each  case. 

92.  A  given  shunt  generator  is  rated  at  10  kilowatts  at  100 
volts  between  its  terminals  when  driven  at  a  speed  of  1,200  revo- 
lutions per  minute.  The  resistance  of  the  shunt  field  winding  is 
40  ohms  (hot)  and  the  resistance  of  the  armature  is  0.08  ohm 
(hot).  Find :  {a)  the  armature  current  of  the  generator  at  full 
load ;  and  {b)  the  speed  of  the  machine  when  driven  as  a  motor 
from  100-volt  mains  with  a  load  such  that  the  armature  current 
is  equal  to  that  found  under  (a).  Ans.  {a)  102.5  amperes;  {b) 
1,018  revolutions  per  minute. 

93.  Find  the  speed  of  a  railway  motor  in  revolutions  per 
minute  corresponding  to  a  car  speed  of  fifteen  miles  per  hour, 
the  gear  ratio  between  the  motor  and  the  axle  being  14 :  68,  and 
the  diameter  of  the  car  wheels  being  33  inches.  Ans.  742  revo- 
lutions per  minute. 
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j^^H      94.  Find  the  armature  torque  in  pound-inches  corresponding 

^^B^to  a  tractive  eftbrt  of  3,000  pounds  developed  by  a  street  railwiy 

^^Bl  motor,  the  gear  ratio  between  the  motor  armature  and  the  axle 

^^  being  14  :  68,  and  the  diameter  of  the  car  wheels  being  33  inches 

Ignore  motor,  gear,  and  axle  friction  in  this  calculation.     Ans. 

,794  pound-inches. 


Chapter  V.     Power  Losses  axd  Efficiency. 

95.  ((?)  Find  field  loss  and  the  stray  power  loss  of  the  motor 
Specified  in  problem  78.  (b)  Find  the  efficiency  of  this  machine 
when  operated  as  a  generator  with  an  armature  current  of  ;o 
amperes  and  an  electromotive  force  of  iio  volts  between  its 
brushes,  assuming  the  stray  power  loss  to  be  that  found  under  {ay 
(r)  Find  the  stray  power  loss  and  efficiency  of  the  generator  untkr 
the  conditions  specified  in  {b)  making  a  correction  for  the  difference 
of  induced  voltage  in  the  armature.  Ans.  {a)  286  watts,  and 
329  watts  ;  (b)  85.4  per  cent. ;  {c)  347  watts,  85.42  per  cent 

Note.  —  The  difference  between  the  uncorrected  and  corrected  values  of  the  «rij 
power  loss,  Bmounting  to  only  iS  watts,  IS  negligible  in  its  effect  upon  the  caloiItlFd 
eRiciency  of  the  machine.  In  the  fotiowing  problems  the  uncoirected  value  of  the 
stray  power  loss  is  used. 

96.  Find  the  efficiency  of  conversion  and  the  electrical  dfi- 
ciency  of  the  generator  specified  in  problem  95,  when  its  arma- 
ture current  is  50  amperes  and  its  terminal  voltage  is  1 10  volts. 
Ans.  94.6  and  90.3  per  cent. 

97.  Find  the  true  efficiency,  the  efficiency  of  conversion,  and 
the  electrical  efficiency  of  the  generator  specified  in  problem  9S, 
when  the  armature  current  is  10  amperes  and  the  terminal  volt- 
age is  1 10  volts.     Ans.  56.5,  77.2,  73.  i  per  cent. 

Note.  — In  this  problem  neglect  the  change  of  field  loss  due  to  the  adjustment  oi 
the  field  rheostat  which  must  be  made  to  keep  the  terminal  loltage  constant. 

The  stray  power  loss  of  a  generator  at  light  loads  is  in  fact  less  than  at  full-loid ; 

this  difference  depends  not  only  upon  the  change  of  induced  electromotive  force,  bat 

also  upoD  the  change  of  distribution  of  flun  in  the  armature  core  due  to  armature  k* 

action.     The  change  of  stray -power  loss  due  to  armature  reaction  cannot  be  calculated 

'd  is  generally  ignored  in  ethcienc]'  calculations. 


98.  (a)  Calculate  the  effidency  of  the  motor  sjiccificd  in 
Icm  78,  dnvcn  as  stated  from  i  lo-volt  supply  mains,  when  the 
current  intake  of  its  armature  has  each  of  the  following  values : 
5,  10,  15,  25,  35  and  50  amperes,  (i)  For  what  armature  cur- 
rent is  the  efficiency  a  maximum  ?  (c)  Calculate  tlic  maximum 
value.  Ans.  {a)  26.1,  54  8,  66 g,  77.5,  JS2.0  and  84  6  per  cent; 
(4)  74.8  amperes ,  (r)  85.6  per  cent. 

89.  The  motor  referred  to  in  problem  98  is  run  ten  hours  each 
day  a*)  follows  :  1  hour  with  5  amperes  armature  intake  2  hours 
with  15  amperes  armature  intake.  2  hours  with  25  amperes  arm- 
ature intake.  4  hours  with  35  amperes  armature  intake,  and  I 
hour  with  50  am)>eres  armature  intake.  What  is  the  mean  all- 
day  efficiency  of  the  motor  under  these  conditions  of  service  ? 
Ans.  78.4  per  cent, 

Nori. — Thf  all  d«j' rflkirncy  of  a  (IjmiiDO  a  Ibe  lotal  output  In  wafthonn 
dirided  by  the  tola)  inpul  in  watt  houia  during  ihc  a»j.  Ihat  in  this  protilcni  Knd 
Ib>  krtat  ln|wl  in  wxt.huun  and  Ibe  (oul  oulpul  in  wallhoutt  during  the  lo-hmir  run 
and  divide  ihe  ouipuI  by  ih«  input. 

E'identi]!  a  hinh  all  daj  efficiency,  when  ■  matoi  ia  run  Tiir  ■  tar^  pnilion  o(lhr 
time  at  lii;ht  load,  dcpnuls  upon  high  Ffficiency  »t  Hehl  loads,  and  (his  in  turn  dr- 
|ielld>  upon  imall  ccnUaiit  Imsea  (ticM  luu  plui  tlray  power  Ium  t. 

100.  What  is  the  efficiency  of  conversion  and  the  mechanical 
efficiency  of  the  above  motor .  (a)  when  its  armature  current  in- 
take is  1 5  amperes ,  and  (i)  when  its  armature  current  intake  is  50 
amperes.  Ans.  (a)  83.9  and  79.8  per  cent ;  ((*)  9O.3  and  93.7 
per  cent. 

101.  From  the  results  of  problem  98  calculate  the  output  of 
the  motor  ill  horse-iwwer  corresponding  to  each  \-alue  of  current 
ititakc  of  the  arnuiure,  and  plot  a  curve  showing  efficiencies  as 
ordinates  and  outputs  of  jxiwer  in  horse-power  as  abscistaai. 

108  A  certain  shunt  motor  is  used  as  a  dynamometer  to 
ineauiure  the  power  absorbed  by  a  printing  press,  'flie  «tniy 
power  loss  corresponding  to  £^  ■■  525  volts  is  found  by  previous 
to  be  450  watts,  and  the  armature  resistance  is  0,53  ohm 
incltiding  resistance  of  brushes  and  of  brush  contacts.  Dti 
ifae  test  the  current  delivered  to  the  armature  of  the  mobir  is 
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amperes,  and  the  voltage  across  the  brushes  is  5 1 2  volts.  Find 
power  delivered  to  the  press.  Ans.  Stray  power  during  test  430 
watts  ;  power  to  drive  press  9,696  watts. 

108.  A  certain  shunt  motor  when  connected  to  loo-voIt  supply 
mains  takes  an  armature  current  of  4  amperes  and  run.s  at  a 
speed  of  T  ,063  revolutions  per  minute  at  zero  load.  The  armature 
resistance  is  o.  i  ohm.  Find  the  stray  power  loss  in  watts  and 
the  corresponding  torque  in  pound-inches.  What  opposition  to 
rotation  is  overcome  by  this  torque?  Ans.  398.4  watts;  31,; 
pound-inches. 

104.  An  efficiency  test  of  a  shunt  motor  (rated  at  5  horse- 
power, 230  volts,  i,:!00  revolutions  per  minute)  by  the  stray 
power  method  gave  the  following  results  :  Volts  between  brushes 
220,'  and  current  delivered  to  amiature  2.0  amperes.  The 
machine  was  then  shut  down,  a  current  of  10  amperes  was 
passed  through  the  armature,  and  a  voltmeter  across  brushes 
rcaii  5.0  volts.  Find:  («)  stray  power  loss  in  watts  ;  (f^)  full-load 
current  in  the  armature ;  (c)  full-load  power  intake ;  (d)  true 
efficiency  at  full  load  ;  and  {e)  true  efficiency  at  half  load.  The 
resistance  (hot)  of  the  shunt  field  winding  is  733  ohms.  Ans. 
(a)  438  watts;  (i)  19.85  amperes;  (c)  4,433  watts;  (</)  84.1  per 
cent.;  (c)  76.7  per  cent. 

Note.  —  Foe  >  given  power  outpul,  P,  in  watts,  the  ■rmature  current  ofthemolot 
is  determined  by  the  quadralic  equation  : 

P=  £,{/,+,/,)  — f—S—X,/* 
in  which  /"(=£,/,)  is  the  shunl  field  loss  and  5  is  Ihestnf  power  loss,  both  of  which 
are  assumed  to  be  independent  of  load. 

105.  A  shunt  dynamo  when  run  as  a  generator  at  a  speed  of 
800  revolutions  per  minute  delivers  1 1  kilowatts  at  a  terminal 
voltage  of  i  10  volts,  with  a  field  current  of  2  amperes.  The  re- 
sistance of  the  armature  (hot)  is  0,05  ohm.  When  this  machine 
is  run  as  a  motor  taking  i02  amperes  from  i  lo-volt  mains,  it  de- 
livers 12.8  horse-power  at  its  pulley.  Find  :  (a)  counter  electro- 
motive force  of  the  motor ;  (^)  speed  of  the  motor ;  (c)  induction 
factor,  4>Z'  of  the  motor ;  {d)  stray  power  loss  in  the  motor ;  (f) 
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ill-load  torque  developed  m  the  generator;  and  (/)  full-load 
>rquc  developed  in  the  motor,  Ans,  (a)  105  volts;  (1*)  729 
tvohitions  per  minute;  (r)  8,6 j  ;  {d)  950  watts;  (*■}  1,240 
ound-inches;   1,218  pound-inches. 


Note.  — The  •mutDrc  cunent  is  10  m 
e  iptcilialiool  of  tliis  pniblem  Uial  tlie 
me.     Sec  note  to  (iroblcm  9 1 . 


irly  ihe  u 


106.  Acertain6,5-kilowattshuntgcneratoii,giving  115  volts  be- 
tween its  terminals,  has  an  armature  resistance  of  0.29  ohm,  a  field 
resistance  of  57.5  ohms,  and  a  stray  power  loss  of  495  watts.  Find 
the  armature  current  for  which  the  efficiency  is  a  maximum,  and 
find  the  value  of  thb  maximum  efficiency.  Ans.  50  am[>cres, 
^9.2  per  cent 

Note.  Thii  problem  and  the  neil  tn  bnutl  on  Ihe  candidon  tb*t  muiniBm 
BdtncT  uccun  wlien  Ihe  vnriable  luu  i>  e<|iul  lo  (be  ooiulmlil  Ioh. 

107.  A  certain  5  horse-power  i  lo-volt  shunt  motor  witb  a 
speed  of  l,300  revolutions  per  minute  has  b  field  loss  of  1 10  watts 
and  a  stray  power  loss  of  250  watts,  both  assumed  to  be  inde- 
pendent of  lo.id.  The  armature  resistance  is  0.4  ohm.  Find  the 
value  of  the  armature  current  intake  for  which  the  efficiency  of 
the  motor  is  a  maximum,  and  find  the  value  of  this  maximum 
efficiency.     Ans.   30  amjMjres  ;  78.9  per  cent. 

106.  A  lO-ktlowatt  lOo-volt  long-shunt  flat-compound  gener- 
tor  has  a  stray  power  loss  of  600  watts,  the  resistance  of  h» 
armature  including  brushes  and  brush  contacts  is  0.04  ohm,  the 
re»>tance  of  its  series  field  winding  is  0.0 1  ohm,  and  the  resistance 
'Of  its  shunt  field  winding  is  3;  ohms,  (n)  Calculate  the  watts 
lost  in  armature  winding  and  scries  field  coil  for  various  armature 
currents  up  to  1 04  amperes  and  plot  a  cun-c  showing  these  losses 
as  ordinatcs  and  the  corresponding  external  currents  as  abscissas. 
What  is  the  equation  to  this  curve  ?  What  is  the  nume  of  this 
c?  (/)  Plot  a  curve  showing  total  losses  a.s  ordinatcs  and 
I  of  cxtern.1l  current  /,  as  abscissas  ;  and  (t]  plot  a  curve 
ihowing   effidcndes  as  ordinatcs  and  cxtcm.1l  currents  as  ab- 
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^^H  j-i.  certain  short-shunt  compound   generator  deltvera  lo 

I       kilowatts  of  power  at  a  terminal  voltage  of  i  oo  volLs  at  full-load 
'     :  resistance  of  armature,  series  field  coils  and  shunt  field  coib 
0.04  ohm,  0.03  ohm  and  30  ohms  respectively  ;  and  the  stray 
pvwer  loss  is  found  by  test  lo  be  430  watts.      Find  at  full-load: 
(a)   voltage  between   brushes ;    (6)  armature  current ;    (r)  lota! 
ectromotive  power  induced  in  the  armature  windings  ;  (if)  total 
:trical  power  developed  in   the  armature ;    (f)  electrical  effi-    B 
cy ;  (/)  commercial   efficiencv.      Ans.    (a)    103     volts;  {i)    ] 
5.15   amperes;  (e)  107.21    ■  (ti)  11,300  watts;  (f)  88.5   j 

•  cent.  ;  (/)  S5.4  per  cent.  l 

UO.  A  certain  shunt  motor  is  tested  for  efficiency  at  full-load  1 
by  the  Prony  brake  method  and  the  following  observations  are 
obtained  :  speed,  i  ,200  revolutions  per  minute  ;   reading  of  spring 
balance.  1S.75   ]x>unds ;  perpendicular  distance   from  center  of   1 
pulley  to  the  center  line  of  the  spring  balance,  28  inches  ;  elcc-  | 
tromotive  force  applied,  1 10  volts  ;  total  current  intake,  83.6  am-  ] 
peres.     Find :  {a)  output  in  horse-power  and  in  watts  ;  (A)  torque 
in  pound-feet ;  ic)  efficiency  (true)  of  the  motor ;  and  (rf)  tan- 
gential pull  in  pounds  at  the  rim  of  the  motor  pulley  which  is  10 
inches  in  diameter.     Ans.  (a)  9.98  horse-power  or  7,455  watts; 
(*)  43.7s  pound-feet ;  (c)  81.1  per  cent.  ;  (tf)  105  pounds. 

Ill,  A  certain  6-pole,  2SO-kilowatt,  550-volt  generator  runs 
at  a  speed  of  320  revolutions  per  minute.  The  commutator  is 
37.4  inches  in  diameter.  The  machine  has  six  sets  of  carbon 
brushes,  each  set  has  four  brushes,  each  brush  has  1.09  square 
inches  of  contact  surface  with  the  commutator,  the  brush  pres- 
sure is  1.25  pounds  per  square  inch,  and  the  coefficient  of  friction 
of  the  carbon  brushes  upon  the  copper  commutator  iso.3.  Find: 
(a)  the  watts  lost  in  brush  friction  ;  (/i)  the  watts  lost  in  contact 
resistance  between  the  brushes  and  the  commutator  at  full  load, 
neglecting  the  shunt  current.  Ans,  (a)  695  watts;  (i)  911 
watts. 

Note,  —  Under  ordinarj'  condilions  as  lo  peripheral  velocily  and  bruih  pressure 
the  conlad  resislance  of  carbon  brushes  in  ohms  per  square  inch  of  coolact  suibce  it 
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apfioi mutely  c<|uiil  lo  Ihe  reciprocal  at  ihe  currrat  dcniily  in  unpcm  pet  tquarc 
inch  of  coaucl  lucfacc.     An  elaborale  dlscus&ion  "f  brush  conUd  rEsut»nce  in  ili  ile- 
{■endcnce  upon  pcripheril  vclocily  or  commuialoi,  liru&h  preuuie,  <|ii>lll]'  of  caflxin,   I 
•Dd  ctrnent  den^ily  is  la  be  found  in  E.  Arnold's  Z>it  CUirAilmminauAiHt,  Vol.  I.,  | 
pp.  478-484. 

118.  Tlic  generator  specified  in  problem  106  has  its  field  sepa-  I 
ratcly  excited   so  as  to  give  ib<  full   rated  voltage  at  zero-load.  I 
Assuming  that  this  constant  field  excitation  leads  to  the  produc-  1 
lion  of  a  conatant  total  induced  electromotive  force,  £„,  at  all  loads, 
6nd :  (a)  the  value  of  the  resistance  of  the  external  circuit  for 
which  the  power  output  of  this  separately  excited  generator  is 
the  greatest  possible  ;  {fi)  the  corresponding  value  of  the  current ; 
(c)  the  value  of  this  maximum  power  output ;  ((/)  the  correspond- 
ing terminal  voltage  of  the  generator ;  and  (c)  the  corrcs}>onding   I 
electrical  efficiency  of  the  generator.     Ans.  (a)  0.39  ohm ;  {d)   1 
198.3  amperes;  (c)  11,400  watts;  (if)  57.5  volts;  (r)  50  percent. 

Ntiri.  —  The  armature  currenl  coi  responding  la  manimuin  possible  oulpul  o(  ■ 
Tiolor  1  is  greallf  in  "««  of  Ihc  greateU  permissible  armaluie  eunevt 
tost  excessive  spttking  ■!  Ihe  bniUies  and  eices&ivc  overheating  of  ihe   I 
iiiKS-     The  asumpliiin  □[  con«lanl  armalurc  flui  *  U  naile  lo  timpliff   I 
Ulc  problem.      In  fad  Ihe  vtutxute  Hui  falls  ulf  greatly  will)  such  eicau'e  arinal 


113.  Assuming  that  the  armature  (\\ix,  4>,  of  the  motor  speci- 
fied in  problem  78  is  constant  at  all  loads,  (ind :  (<i)  the  value  of 
the  counter  electromotive  force  and  six;cd  of  the  motor  for  which 
its  power  output  has  the  greatest  possible  value  .  (<*)  the  value  of 
this  greatest  possible  output ;  and  (r)  the  efficiency  of  conwrsion 
of  the  motor  at  its  greatest  possible  power  output,  ignoring  the 
power  delivered  to  its  field  winding.  Ans.  (a)  55  volts  and  500 
levolutions  per  minute  ;  (A)  37,171  watts;  (c)  50  per  cent. 

None.  —  Srv  nole  to  |w»1>lein  1 1  a. 

114.  A  certain   belted  compound-wound  machine,  purchased 
second-hand,  is  rated  as  a  2;o-lvilowatt  35o-volt  generator,  at  a 
i^iecd  of  320  revolutions  per  minute.     The  diameter  of  the  arma- 
tnre  is  46  mches  and  the  gross  length  of  the  armature 
IZ3  inches.     Calculate  the  ratmg  of  this  machine  according 
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Aft  73,  pagt  148,  in  order  to  check  the  abcnre  miinig  asdained 
fay  the  dealer.    Ans.  165  Idlowatti. 

Uf.  A  ceiLiia  cndeeed  motor  is  latod  by  the  mniidhctaneB 
as  a  220-^f(dt;  27>5^KMra&-powcr  motor  at  a  speed  of  600  levois- 
tioos  per  miniite.  Thedbmeter  oCtfaeannatureis  isiodbesand 
the  gross  leiqrdiofthearaialiife  cote  is  13  iDdieSb  Cskidaleits 
fating  aoooftfii^  to  Ait  73,  page  14S.    Ans.  34  horse-yiwo. 

Uft  A  certain  fiNv-pole  djfnamo  b  rated  as  a  s-hotse-poiw 
I  lo-voit  motor  to  nm  at  a  speed  of  600  levolotiaiis  per  miniite. 
Has  motor  is  connected  to  220-volt  mains  and  die  ainiatme  flux 


^  is  incieased  25  per  cent  by  tlie  100  per  cent  jnrTcasc  of  fidd 
cnnent  (#)  At  wiat  speed  vould  tfab  motor  mn  under  tiiese 
cwMMtions?  (J)Theicsislanoeoftliednnitfiddwincii«iiiCD 
oinn^  nosr  nmcn  resdance  must  be  connected  in  aeries  vidi  die 
fidd  aiindbg  to  increase  die  motor  8|;ieed  to  1,200  revolntiou  per 
nrinule  on  xSQ^Pok  mains?  (r)  What  would  die  power  rating  of 
this  motor  beat  diis  iperd  of  1,200  tevolntioiis  per  mainte  ?  (1/) 
Would  it  be  permissible  to  drive  this  motor  at  a  ^)eed  of  1,200 
revolutions  per  minute  from  220-volt  mains,  the  diameter  of  the 
arnutune  hang  10  inches  and  the  number  of  commutator  seg- 
ments beii^  60?  Ansc  {a)  960  revolutions  per  minute  ;  {S)  100 
oihms :  ir>  10  horse-povncr ;  (</)  the  machine  would  in  all  prob- 
jibilit\^  operaze  sa&s&ctoffily. 


X  v~  -.^  —  IiL  ivviBMS  d  ^cAhb  ifliiuft  ndBK  *■  *iUJgi.  dectramotrre  force  of 
K^  ^<!^  rier  cwnnnnffifior  secMeBC  k  ^e  emiesi  tkH  cia  be  nsed  without  danger  of 
>^>«ri  cn(  ^  Ax«ra$e  eSecSRHHCm  iant  rcr  segBcot  b  Bemt  £^m  wbeie  £"  is  the 
f*\vrv«acc^<  v««  \<,ewt*»  dbe  b««iks  amd  m  b  tqml  to  A'>,  vbere  JTb  the  total 
■^omNfc  .v  cw^woMCaiicr  dies  mait  s  &e  vodber  of  fidd  aapKC  poles* 

V  •*.•-' :  cvtt»c-:»:*ssc  jRiiacaR  as  Se  n.^nard  to  »iiWMi1  a  speed  wliicfa  corre- 
>^v»*v-N  V  4  yv-rtnitsnt!  viwanrr  «  iont  3.000  to  4,000  fed  per 


IIT  A  vxrtytr:  biciir  dnaKwonnd  armature  has  384  con- 
sh vr> .  s^  '-^j^  ;vv<  ifc^s<  hjiiE^  as  ar^nlar  faieadth  of  1 20** ;  and  its 
*,  r  \\iv  ji-^r^r,  T^  curr«;t  2?  ^«>  amperes.  Find  :  (a)  per  cent 
>v'  .^  ••'va:v  V  xv^vicr>^  o:*vf!:x?d  by  poles :  {fi  die  number  of  de- 
^v^*'v^:*^  *JS5c>r«^<-.i:rt5?  ctt  tie  anBotnre  if  die  m^c  of  lead  of 
|t^^  ><v^>^'s  ifc   ^^*  :  y>  Ae  cgv^s?^^  ■  i^nr  tiling  anqiere-tums. 
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ia&.  («)  67  per  cent ;  [i)  6,400  ampcre-tums  per  magnetic  circuit ; 
r)  l3,Soo  ampere-turns  per  pole. 
116.  A  certain  6-pole,  250-kilowatt,  sso-volt  railway  generator 
s  a  six-path  armature  winding  with  1.200  conductors,  The 
Xnnmutator  has  600  segments,  and  at  full  load  the  brushes  are 
hifted  forM'ards  through  an  angle  represented  by  8  commutator 
egmcnts.  Find:  (a)  tlie  angle  of  lead  of  the  brushes  in  degrees; 
ind  (/>)  the  armature  demagnetiiiing  ampere-turns  per  magnetic 
nrcuit  at  full-load,  neglecting  the  shunt  current.  Ans.  (d)  4.S"  ; 
i)  3.434  ampcrc-tums. 

119.  The  pole  faces  of  the  generator  spedfied  in  problem  1 18 
»ver  70  per  cent,  of  tlie  periphery  of  the  armature,  and  the  radial 
length  of  the  air  gap  between  the  pole  faces  and'  the  armature 
is  0.537  inch.  Find:  (a)  the  cross-magnetizing  ampcrc- 
tums  per  pole  on  the  armature  at  full-load  ;  {/>)  the  intensity  of 
the  magnetic  field  under  the  pole  tips  due  to  tlic  armature  current 
klone;  (c)  the  intensity  of  the  magnetic  field  under  the  leading 
1  trailing  pole  tips  due  to  the  combined  action  of  field  coils  and 
ftrmature,  tlie  licld  intensity  in  the  air  gap  due  to  field  coils  alone 
dng  6,500  gausses  at  full-load.  Ans.  (a)  10,640  am[)cre>tums 
erpole  ;  (A)  5.000  gausses ;  ((-)  1,500  gausses  and  1 1 ,  500  gausses. 
Nort..— Thermdiot  length  of  the  ur  gip  In  Ihli  djMiiio  j>  in  bcl  o.ji}  Indi,  bul 
«  effect  of  (he  high  dtgnw  of  mignciic  uiutaUon  af  ihe  i«th  of  thu  Brinkiur*  core 
equivalcnl  <□  ■  gnrntly  incica^  nulinl  [rnglh  of  lit  gip. 

ISO.  A  bi[>olar  generator  has  a  drum  armature  with  420  con- 
ductors and  each  pole  face  subtends  .an  angle  of  I20°.  llie  dis- 
tance across  the  gap  space  is  0.6  centimeter  and  the  field  intensity 
in  the  gap  space  due  to  the  field  winding  alone  is  8,000  gausses. 
What  is  tile  greatest  permissible  current  in  the  armature  of  the 
generator  if  it  is  assumed  that  sparkless  running  requires  the 
resultant  field  intensity  under  the  leading  pole  tij»  to  be  at  least 
3$  per  cent,  of  the  field  intensity  due  to  the  field  winding  alone  ? 
Ans.  81.8  amperes. 

181.  The  drum  armature  specified  in  problem  1 20  is  arranged  so 
8  to  be  suitable  for  a  four-pole  field  magnet,  tlie  pole  faces  cover- 
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ti—  3.  ercentage  of  the  armature  peripherj'  as  before,  tiw 

length  of  tlic  air  gap  being  the  same,  and  the  field  inten^in'  in 
the  gap  sijace  due  to  the  field  winding  alone  being  8,000  gaitiSK, 
What  is  tlie  greatest  permissible  current  in  the  armature  of  the 
machine  if  it  is  assumed  that  sparkless  running  requires  the 
resultant  field  intensity  under  the  leading  pole  tips  to  be  at  least 
25  per  cent,  of  the  field  intensity  due  to  the  field  winding  akoc? 
This  four-pole  drum  armature  winding  has  tv,o  paths  betvecn 
poNtivc  and  negative  brushps      Ann    163.6  amperes. 

183.  The  pole  faces  of  th  .     ar  specified  in  problem  i;i 

arc  widened  so  as  to  cover  t,  of  the  armature  periphn)' 

and  the  gap  space  is  incrc!  0,7  centimeter.     Find  the 

greatest  permissible  curren  the  machine  if  it  is  assumed 

that  sparkless  running  req  ;ld  intensity  under  the  lead- 

ing pole  tips  to  be  at  least  ^3  p  snt.  of  the  field  intensity  of 
8,000  gausses  which  is  due  to  the  i  winding  alone.  Ans.  i;i 
amperes. 

123.  Find  the  armature  demagnetizing  ampere-tums  per  mag- 
netic circuit  and  the  number  of  turns  required  in  each  series  Reld 
coil  to  balance  the  same,  in  a  four-pole  1 00-kilowatt,  500-volt 
generator,  having  a  four-path  armature  winding  with  500  con- 
ductors;  forward  lead  of  the  brushes  is  10°,  and  0.868  of  the 
armature  current  flows  through  the  series  field  coils.  Ans.  1,389 
ampere-turns  and  4  turns. 

124.  The  field  coil  of  a  dynamo  rises  46  centigrade  degrees 
above  a  room  temperature  of  35°  C,  what  would  be  its  rise  of 
temperature  above  a  room  temperature  of  25°  C.  ?  Ans.  44.39 
centigrade  degrees. 

Nil  [  K.  —  I^)  /•  bt  ihe  lemperalure  rise  above  2$"  C.  «nd  t"  the  temperature  lift 
above  35°  c.  In  the  first  ease  the  aclual  temperature  of  ihe  winding  is  25  -f-  ^  and 
lis  resistance,  A",  is  <?,  [i  +,J(3S  +  1')].  lathe  second  case  the  actual  tenipenlure 
"f  the  winding  b  JS  -^  '"  snJ  il*  resistance.  iV",  is  ^,[i  +  ;i{35  -f  /")].  m 
rates  at  which  Wat  is  generali:d  hy  the  given  currenl  in  the  two  cases  ate  propor- 
tional lo  A"  and  A"'  respectively,  and,  since  the  rise  of  lemperaluie  is  proportiotial 
<Wty  nearly)  to  the  rates  of  generation  of  heat,  therefore 
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The  A.l.E.E.,  rule,  «#C  page  165,  An.  iS,  applied  lo  lli»  problem  wimiIiI  g\rt 
7  iiittMd  of  lh«  corn-cl  value  44.39.  The  rule  U,  howcvei,  nau\y  cnaugh  ciacl  (nr 
praclioil  purpoKa.  Indcin]  lenlhi  of  difgrves  ire  wholly  meaningless  in  connec- 
iiicerlsln  (tuautitki  >»  ri>u  of  tempcralure  of  (tjrmima  machinri,  to  that 
legrec  the  A.I.E.  E.  rule  anil  Ihe  rigoraiu  (otniutii  give  Ihe  iarnr  mult, 

1S$.  The  armature  of  a  dynamo  has  a  resistance  between  com- 

jjtalor  bars  S  and  c  (see  problem  53)  of  0.0678  ohm  nt  ro«m 

ipcrature  of  10°  C.     After  the  dynamo  has  been  run  for  a  long 

e  at  full  load  it  is  shut  djwn  and  the  re.sistancc  of  the  arma- 

:  between  commutator  bars  is  found  to  be  0.0806  ohm.     (a) 

hd  the  difference  between  room  temperature  and  tlie  running 

lire  of  the  armature ;  (*)  what  would  this  temjierature 

fcrencc  be  if  the  room  temperature  were  25°  C?     Ans.  (a)  49 

itigrade  degrees;  {^)  53  centigrade  degrees. 

128.  The  armature  and  all  field  winding.s  ot  a  given  500-kilowatt 

OO-volt  generator  are  connected  together  (machine  not  running) 

nd  a  circuit  is  made  from  one  main  of  a  500-voIt  supply,  through 

direct  reading  voltmeter  to  one  brush  of  the  given  generator. 

lihence  a  very  small  current  pa.sses  through  the  armature  and 

(eld  in.sutation  to  the  iron  frame  of  the  machine  which  is  con- 

Kcted  to  the  other  main  of  the  500-volt  supply.     The  voltmeter 

itcs  6.3  volts  and  its  resistance  is  55,000  ohms.     Find  the 

Bulation  resistance  of  the  given  generator  as  connected.     Ans. 

.38  megohms. 

NotL  —The  Toltmrler,  ■mngnl  as  tpeciliei]  in  Ihit  problem.  19  ni«d  u  an  am- 
r,  awl  the  current  llowing  throii|>h  il  is  equal  to  iu  retding  ia  volla  divkM  b|i  tU 
In  ohni*. 


Chapter  VM.     The  Phactical  Operation  of  Dynamos. 
127.  The  voltage  of  an  over -compounded  generator  rises  from 
5  volts  at   ien>-IOi;id  to    125  volts  at  full-load.      When  the 
fies  field  cful  is  not  used  the  macliinc  becomes  a  shunt  gcner- 
>r  and  its  voItaj;e  falls  from  1 1 5  volts  at  zero-load  to  90  volts 

ftiU-load.     What  would  the  voltage  of  this  generator  be  if  it 
at  openited  alone  at  full-load,  with  its  series  field  coil  in  par- 
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aliel  with  the  series  field  coil  of  another  similar  generator  which 

is  not  in  operation?     Ans.    107. 5  volts. 

Note.  —  Tbe  efTFcI,  direct  and  indirect,  ol  Ihe  full-load  currFnl  in  Die  serin  field 
winriing  of  this  generator  is  lo  raise  its  voltage  al  full-loud  Croni  90  volts  lo  I35  ralu 
and  it  may  be  roughly  assumed  that  one  half  of  Ihe  full-load  current  in  Ihe  aeries  field 
wiitding  will  raise  the  full-load  voltage  half  as  much. 

128.  A  current  of  200  amperes  is  to  be  delivered  at  450  volte 
lo  an  extension  of  an  electric  raihvay  at  a  "  feeding  point "  which 
is  five  miles  from  the  power  station.  Two  plans  are  considered 
for  accomplishing  this  result,  namely:  (1)  To  install  a  copper 
feeder  circuit  (the  re.sistance  of  the  ground  and  rail  return  being 
ver>-  uncertain,  a  return  feeder  wire  is  here  assumed  for  the  sake 
of  definiteness)  which  will  deUver  tlie  prescribed  current  with  a 
drop  of  100  voits,  and  (2)  to  install  a  feeder  circuit  of  smaller 
wire  which  will  deliver  the  current  with  a  drop  of  300  volts,  and  *| 
a  40-kilowatt  booster  for  raising  the  station  voltage  of  550  volls 
up  to  750  volts,  which  is  required  by  this  small  feeder. 

The  feeder  required  by  plan  (i)  costs  more  than  the  feeder 
required  by  plan  (2)  at  the  rate  of  !7j^  cents  per  pound  for  the 
additional  copper ;  the  cost  of  electrical  energy  at  the  switchboard 
is  1.75  cents  per  kilowatt-hour ;  the  cost  of  the  booster  and  its 
accessories  including  the  motor  to  drive  it  is  $2,200;  the  efficiency 
of  the  booster  set,  motor  and  generator  combined,  is  75  per  cent.; 
the  depreciation  of  the  booster  is  8  per  cent,  per  annum ;  the 
depreciation  of  the  feeders  is  5  per  cent,  per  annum ;  and  the 
interest  and  taxes  on  invested  capital  is  6  per  cent,  per  annum. 

Find  the  maximum  number  of  hours  per  day  that  the  full-load 
current  of  200  amperes  can  be  transmitted  by  plan  (2)  at  a  lower 
actual  cost  than  by  plan  (i).     Ans.   5.97  hours. 

Note.  —  The  weight  of  bare  copper  wire  io  pounds  is  equal  to  0.00000303 
X  length  ill  feet  X  section  in  circular  mils. 

The  cost  of  large  sizes  of  weather-proof  insulated  wire  may  be  based  on  the  weight 
of  Ihe  bare  copper.  Thus  the  high  price  of  17^  cents  per  pound  for  Ihe  bare  copper 
is  intended  lo  include  the  cost  of  the  insulalioa. 

189.  Given  a  direct  reading  ammeter  (or  voltmeter)  of  the 
direct-current  type  of  which  the  scale  divisions  are  of  equal  length 
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so  that  an  observer  can  read,  say,  to  -^jj  of  an  ampere  anywhere 
on  the  scale,  {a)  Find  the  percentage  error  due  to  the  error  of 
reading  when  the  reading  is  i  ampere ;  (6)  find  ditto  when  the 
reading  is  lO  amperes.     Ans.  (a)  lo  per  cent.;  (d)  i  percent. 

130.  An  electrodynamometer-ammeter  (a  Siemens  instrument) 
has  a  scale  of  equal  parts.  The  position  of  the  pointer  can  be 
read  to,  say,  j4  of  a,  division  anywhere  on  the  scale,  {a)  Find 
how  many  times  as  great  the  error  in  amperes,  due  to  the  given 
error  in  the  reading,  is  when  the  reading  of  the  pointer  is  25 
divisions  than  when  the  reading  of  the  pointer  is  250  divisions ; 
(d)  find  the  percentage  error  in  each  case  and  the  ratio  of  these 
percentage  errors.  Ans.  (a)  3.16  ;  (6)  i  per  cent.,  -j^^  per  cent. ; 
ratio  10:  I. 

131.  Given  a  direct-reading  ammeter  (or  voltmeter)  of  the  alter- 
nating current  type  of  which  the  actual  length  of  any  scale  division 
under  the  pointer  is  proportional  to  the  reading  of  the  pointer ;  a 
scale  division  being  supposed  to  correspond  to,  say,  o.  i  ampere 
over  the  entire  scale.  The  position  of  the  pointer  can  be  read  to 
a  certain  fraction  of  a  degree  of  angle,  so  that  the  error  in  am- 
peres due  to  an  error  of  reading  is  inversely  proportional  to  the 
length  of  the  scale  division  under  the  pointer,  that  is,  inversely 
proportional  to  the  reading  of  the  pointer,  (a)  Find  how  many 
times  as  great  the  error  in  amperes  due  to  an  error  in  reading  is 
when  the  instrument  reads  i  ampere  than  when  the  instrument 
indicates  10  amperes.  (6)  Find  how  many  times  as  great  the  per- 
centage error  is  in  the  first  case  than  in  the  second  case.  Ans. 
(a)  10  times  as  great ;  (^)  100  times  as  great. 

Note.  —  Ammeters  and  voltmeters  which  are  suitable  for  direct-current  circuits 
only,  always  give  a  deflection  which  is  approximately  proportional  to  the  current  or 
voltage.  Therefore  the  scales  of  direct-reading  instruments  of  this  type  are  scales  of 
approximately  equal  parts. 

Ammeters  and  voltmeters  which  are  suitable  for  both  alternating  and  direct-cur- 
rent circuits  always  give  a  deflection  which  is  nearly  proportional  to  the  square  of  the 
current  or  voltage.  Let  y  be  the  deflection  of  such  an  instrument  read  on  a  scale  of 
equal  parts  or,  say  in  degrees,  let  d'y  be  one  of  the  divisions  of  this  scale,  and  let  x  be 
the  current  or  voltage  corresponding  to  the  deflection  y.     Then 

y  =  Jtx^     and     (fy  =  ikxifx 
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wtaere  i  fa  m  flon&tant.  Now,  in  t  direct  •reading  instiument  eucii  scale  dimion  cmc- 
qioadi  to  ■  certain  consuinl  fraclionat  pad  ol  an  ampere  oi  voll  which  may  be  tepit- 
-  MMed  by  A.  Then  ihe  length  of  a  scale  dinisioo  of  such  a  direct-reading  iculranal 
txfttmti  in  degiees  is  given  by  the  value  of  Jy,  which  according  lo  the  (bait 
oquatioo  ii  pcDporlional  to  j-,  which  is  the  reading  in  aoiperes  or  rolu  of  the  direcl- 
iMding  iiMtnment. 

noblcnt  lZ9,  ijo,  and  131  touch  upon  •  matter  of  very  great  practical  intfa- 
tuKeudtwD  simple  eiaoiples  cover! tig  the  entire  ground  may  be  warUi  ithllr.  A 
■tasdudited  direct  current  ammeter  (or  voltmeter)  which  indicates  lOO  amptm  (w 
^tt)  with  K  certain  degree  of  precision  will  indicslc  50  amperes  (or  volls)  vitli  tlu 
•UDC  Bctnal  error  or  with  twice  the  percentage  error.  A  standardtie4  ntlerngtiDg  no 
rent  Mometei  {or  voltmeiei)  which  iiidicntei  loo  aiupern  (or  volis}  with  ■  cntan 
degree  of  predsion  will  indicate  soampcre.-i  (or  volts)  with  twice  bs  large  an  adu! 
tmr  or  with  iaur  times  as  large  a  percentage  error. 

188.  A  wattmeter  is  connected  as  shown  in  FJg.  i2i.  Chapter 
VII.  The  resistance  of  the  coil  B  is  5  ohms.  The  wsttmcter 
indicates  55  watts  when  used  to  measure  the  power  deh'veredto 
a  lamp  which  takes  one  ampere  of  current.  What-is  tlie  trae 
power  delivered  to  the  lamp?     Ans,  50  watts. 

133.  A  viattmeter  is  connected  as  shown  in  Fig.  132,  Ch; 
VII.  The  resistance  of  the  circuit  AR  is  1,200  ohms.  The 
wattmeter  indicates  60  watts  when  used  to  measure  the  power 
delivered  to  a  iio-volt  glow  lamp  What  is  the  true  power 
delivered  to  the  lamp?     Ans.  49.92  watts. 

134.  A  Thomson  watt-hour  meter  without  a  starting  coil  starts 
on  a  7S-watt  load.  The  meter  is  adjusted  to  give  a  true  watt- 
hour  record  when  run  on  a  soo-watt  load.  What  will  the  instru- 
ment indicate  after  running  for  4  hours  on  a  constant  load  of  200 
watts,  running  friction  being  assumed  to  be  equal  to  half  of  start- 
ing friction.     See  note  to  problem  136.     Ans.  702.8  watt-hours. 

13fi.  The  watt-hour  meter  specified  in  problem  134  is  provided 
with  a  starting  coil  so  as  to  start,  on  iio-volt  mains,  when  the 
power  delivered  to  the  receiving  circuit  is  40  watts.  At  what 
load  will  the  meter  start  on  5 5 -volt  mains?  See  note  to  problem 
136.     Ans.  66.25  watts. 

138,  The  watt-hour  meter  of  problem  135  is  adjusted  to  record 
a  500-watt  load  correctly  on  I  lo-volt  mains.  At  what  load  will 
it  record  correctly  on  55-voIt  main  ?     Ans,   5,750  watts. 
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The  Jriving  iDrjUE.  nol  tounling  ihal  due  lo  the  ilartlng  eoil.  Is  propni 
to  the  wilti  delivered  lo  the  receiving  ctrcul),  and  il  may  lie  ciMiviniimlly  ex- 
i  in  ■■  nltt."  The  drivini;  tnri[ue  due  tu  the  slarling  Cuil  (  with  given  loltngc 
» the  (U{ip1]r  ■■■■>■»)  lUBy  be  eipicued  u  the  diflctrtice  between  ilic  iilitnlii|[ 
>tlh  atid  without  the  tUtlltig c»U.  Tlie  nirininK  riictiwi  («  torque)  inoy  Ik  «• 
d  u  one  hair  the  itartitiK  load  in  waits  without  the  starting  coil.  The  ipeed  ol 
Her  m«y  be  conveniently  exprowd  in  ■■  waii-houn  ret-orded  p«  h<iut." 
Suhlncling  (mm  the  loial  driving  tnrque  (ktidiuline  the  tonjue  due  lo  the  Marling 
)  the  running  Iriclion,  givet  Ihe  ncl  lonfuc  oied  (o  overcome  ihc  lelarding  actiun 
ilampiiig  niagiieln,  and  the  iperd  t>{  Ihenielei  ii  ]iiu|iiirliunal  lo  ihit  net  torque. 
arqne  produreil  hjr  Ihi-  starting  toil  i>  proportional  to  ihe  iquare  of  Ihe  toltage 
en  the  mum. 

187.  The  operation  costs  of  a  405-kilowatt  lighting  plant 
duding  the  distributing  system  arc :  an  invariable  charge  of 
3/3CX1  per  year,  which  includes  interest,  depreciation,  repairs, 
lurancc,  taxes,  one  half  of  the  cost  of  wages,  and  one  quarter 
the  cost  of  fuel  and  supphes ;  and  a  variable  charge  of  2. 05 
1  per  kilowatt-hour  of  station  output.  Kind  the  proper  net 
Ices  to  be  charged  jicr  kilowatt-hour  for:  (a)  domestic  lighting 
lich  come.*  wholly  within  the  daily  jicritxJ  of  two  hours  of  full 
ition-Ioad  ;  (/')  store  lighting  of  which  one  third  comes  during 
e  daily  pcritMl  of  full  st;ttio]i-load,  and  (r)  motive  pi>wer  no 
I  of  which  comcH  during  the  jKrriod  of  full  station-load, 
low  for  a  profit  equal  to  1 5  per  cent,  of  the  gross  income. 
IS.  (a)  1 1. 16  cents,  (d)  5.33  cents,  and  (c)  2.41  cents. 
MoTK.  —  The  trparalinK  of  Ihe  apemtino  (nati  of  ■  slaltoo  into  an  Iniadahle  pari 
■  «iui*lite  part  A/*,  which  ia  ptoporllonal  tn  Ihe  •liliimlnoii  P,  it  only  >|ipini- 
iely  correct.  The  lolil  actual  cost  of  openling  Ihe  (Ulion  at  fanout  loadi  may 
ninad  r^•ln  actual  ■laliini  tnti.  Krom  rhnpilaliacaivemaybcphntrd  thow- 
•  coati  u  urdinales  and  Ihe  stalJon-taadi  a«  abwinat.  A  tlnight  line  may  no* 
n  M  u  to  represent  this  curve  as  nearly  u  nuy  be.  Then  A  is  (he  intempt 
tlr«ighl  line  on  ihe  r.aiit,  and  t  is  Ihe  laniceni  a(  ihc  angle  between  ihlt  wrslghi 
a  the  S'txit. 

I  OMt  price  per  hllowiill-hour  during  the  two  hours  of  full  load  ii  #ll,<aw 
I  by  405  XIX  J65,  lo  whii'b  niutt  be  added  J.05  cfiit*  1  whereai  the  cult  pric* 
klknrall'hour  during  the  rcmaindei  o(  ihe  day  li  1,05  cents. 

Find  the  proper  prices  to  be  charged  per  kilowatt-hour 
the  three  classes  of  service  specified  in  problem  137,  the  daily 
of  full   station-li^id   being  three  hours.     Ant.  (n)  8.25 
I  (')  4-3^  cents  :  (e)  2,41  cents. 
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Chapter  VUL    Storage*  BATTBRf es. 

1S8«  A  primaiy  battery  whicli  is  free  fitMsi  local  actioQ  gmsa 
current  of  1.5  amperes  for  50  hours.  Calculate  the  nundxroT 
grams  of  sine  consumed    Ans.  91  grams. 

Nott*  —The  dectfodbiniical  ttfumJeDt  of  itliie  b  aooo!337  ^pmm  per  wmgtn  par 


140.  A  Grenet  cell  consumes  12.5  grams  erf*  sine  durn^  the 
time  that  the  current  from  the  cell  is  <fepositing  8  grams  of  silver 
in  an  electrolytic  cdl  containing  a  solution  of  silver  nittzate.  What 
portion  of  the  zinc  is  consumed  by  local  action?  Ans.  8a7  per 
cent 

i\^. --The  eleclrodiemicd  etjdvaleat  of  lOver  is  aooi  1 18  gnm  ptf 
leooiid.    See  Note  to  proUem  139. 

141.  The  chaige  and  cfischarge  curves,  diown  in  F%.  143* 
Chapter  VIII.»  Rpply  to  the  case  in  which  an  80  ampere-hour  cdl 

is  chained  for  8  hours  and  5  minutes  by  a  steady  Current  of  10 

amperes,  and  discharged  for  8  hours  by  a  steady  current  of  10 
amperes.  Calculate  :  (a)  the  energy  in  watt-hours  delivered  to 
the  cell  in  charging,  {b)  the  energy  in  watt-hours  delivered  by  the 
cell  in  discharging  ;  and  {c)  find  the  efficiency  of  the  cell.  Ans. 
{a)   185.7  watt-hours;  {b)  1 59.4  watt -hours ;  {c)  85.3   per  cent 

142.  The  total  weight  of  all  the  grids  of  a  120  ampere-hour 
storage  cell  (discharged)  is  40  pounds,  and  one-third  of  this 
weight  is  active  material,  {a)  Calculate  from  electrochemical  data 
the  weight  of  PbSO^  that  is  converted  into  PbO,  on  the  positive 
grids,  and  the  weight  of  PbSO^  that  is  converted  into  Pb  on  the 
negative  grids  when  the  cell  is  charged,  {b)  What  part  of  the  so- 
called  active  material  is  really  active?  Ans.  {a)  1.49  pounds  of 
PbSO^  on  the  positive  grids  ;  1.49  pounds  of  PbSO^  on  the  nega- 
tive grids  ;  [i))  22.4  per  cent. 

Xotf.    -  One  ampere  in  one  hour  liberates  37.4  milligrams  of  hydrogen  from 
1 1,S(\.     The  weight  of  PbSO^  may  be  calculated  from  the  weight  of  the  hydrogen 
hv  the  onlinary  methods  of  chemical  arithmetic.     The  atomic  weights  arc  as  foUows: 
-1,0    I  16,  S  =  32,  and  Pb  =  207. 


rRODLEMS.  4S3 

143.  How  many  grams  of  SOj  arc  removed  from  tlic  clcctrol jte 
during  the  discharge  of  a  1 20  ampere-hour  storage  cell  ?  Ans. 
359  grams,  half  of  which  is  absorbed  by  each  electrode. 

144.  The  electromotive  force  of  a  storage  cell  is  observed  to  be 
3.05  volu  on  open-circuit  and  the  electromotive  force  is  observed 
to  fall  suddenly  to  1.95  volts  when  a  current  of  50  amperes  is 
taken  from  the  cell.  What  is  the  resistance  of  the  ceil  ?  Ans. 
0.002  ohm. 

14$.  A  storage  battery  consisting  of  61  cells  has  an  internal 
esistancc  of  aoj  ohm.  The  battery  delivers  a  current  of  100 
hmpcres  at  1 10  volts  to  lighting  mains  when  the  resistance  of 
the  rficostat,  /i,  nhown  tn  Fig.  146,  Chapter  VUI.,  is  0.12  ohm. 
(rt)  What  is  the  voltage  between  the  mains  when  half  of  the  lamps 
arc  suddenly  turned  off?  (fi)  Calculate  the  resi^tani^e  required 
in  the  rheostat,  /i,  to  bring  the  voltage  acniss  the  lighting  mains 
back  to  1 10  volts.     Ans.  (n)   1 17.5  volts  ;  [df  0.27  ohm. 

146.  The  lamps  in  Fig.  I  go.  Chapter  Vlll.,  require  a  constant 
electromotive  force  of  110  volts  and  the  current  demanded  by 
the  elevator  motor  varies  from  zero  to  1 50  amjicrcs  with  an 
average  value  of  25  am|)eres.  The  booster,  M,  is  pmvided  with 
the  two  opjKtsing  field  windings,  ,S"  and  5'.  (The  winding.  5',  may 
tie  assumed  to  be  connected  to  the  constant>voltage  mains  in 
parallel  with  the  lamjM  for  the  sake  of  simplicity.)  The  constant 
fidd  cxdtation  due  to  .V  is  equal  to  3M,  and  the  opposing  field  ex- 
citation due  to  A'  is  3«  when  the  current  flowing  through  Jf  b  25 
amperes ;  where  «  is  the  ampcrc-tums  on  the  field  of  Af  required 
to  produce  lo  volts  between  the  brushes  of  .1^  The  storage 
batter>'  consists  of  5 1  cells  with  a  minimum  voltage  nf  96.9  volts 
{1.9  volLs  per  cell)  and  a  maximum  voltage  of  122.4  volts  (3.4 
volts  per  cell).  The  minimum  occurs,  of  course,  when  thebattcf>" 
is  ncariy  discharged  and  the  elevator  motor  Is  taking  it«  maximum 
cuiTcnt  of  1 50  amperes,  and  the  maximum  occurs  when  the  batters- 
is  nearly  charged  and  the  eicN'ator  motor  is  taking  no  current  at 
all.  Rrwl  the  current  delivered  through  jVand  S  to  the  elevator 
Ittotorand  b:ittery :  (a)  when  thcbattcr)' is  nearly  discharged  and 


I 


S  OF   FXKCTRiCAL   ENGINEERING. 


ele       ar  mot"r  is  taking  its  maximum  current  of  150  am- 
res,  an  i  the  battery  is  nearly  charged  and  the  clevatoi  1 

otor  IS  taking  no  current  at  all.     Ans.  {a)  35.9  amperes;  [ti)  I 
.7  amperes. 

JVe/f.  —  Assume  that  the  volliigir  of  the  Iwnsler  is  proportionil  to  iu  net  Gtlt 
ition,  10  volls  for  each  h  unpete-lurni. 
The  MudenI  nmy  calculale  Ihc  mlues  of  the  current  corresponiling  to  (o)  ind(*) 
he  suppcsilicm  thai  the  windiug.  S",  is  coaaected  as  shown  in  Fig.  150,  jb  being 
field  enciUlioa  due  in  S"  when  Ihe  voltage  between  the  terminals  uf  y  is  no 
The  Knswers  in  this  case  are  .  jeres  j  and  (,*)    17.5  amperet 

jirrioN  AND  Wiring. 


1  taking  one-half  an  ain- 
■  :urrent  from  a  115,5-volt 
■m  the  lamps.     Find :  (a) 
e  total  weight  of  the  vnn,  . 
i  cents  per  pound.     Ans.  | 
J  jjounds  :  (r)  y53  dollars. 


CiiArrER  IX.     Elec 

147.  Five  hundred  glow 
:re  at  110  volts  are  sui 

lerator  at  a  distance  of  i  ,000 
ue  size  of  copper  wire  rcqi 
and  (c)  the  total  cost  of  the  \vifc  ^ 
(tf)  98:;,ooo  circular  mils  ;  (d)   5,95^ 

148.  Five  hundred  glow  lamps  each  taking  one-halT  an  am- 
pere at  no  volts  are  supplied  with  current  from  a  231-voIt  gen- 
erator at  a  distance  of  1,000  feet  from  the  lamps.  The  Edison 
three-wire  system  is  used  and  the  system  is  balanced.  Find: 
(a)  The  size  of  copper  wire  required  for  the  outside  mains ;  {*) 
the  total  weight  of  all  three  mains,  the  middle  main  having  one- 
half  the  sectional  area  of  either  outside  main  ;  and  (c)  the  total 
cost  of  the  three  mains  at  16  cents  per  pound.  Ans.  (a)  245,- 
500  circular  mils  ;  (d)  1,860  pounds ;  (c)  298  dollars. 

149.  The  three-wire  system  of  problem  148  supplies  300 
lamps  (150  amperes)  on  one  side  and  200  lamps  (100  amperes) 
on  the  other  side,  all  at  a  distance  of  1,000  feet  from  a  231-volt 
generator.  A  balancer  is  used  in  the  station  to  take  care  of  the 
current  in  the  middle  main  and  to  keep  the  voltage  between  the 
middle  main  and  each  outside  main  equal  to  115. 5  volts.  Find: 
fa)  The  voltage  across  the  set  of  300  lamps  ;  and  (d)  the  voltage 

1  the  set  of  200  lamps.     Ans.  (a)  104.5  volts;  (&)  I15.S 
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JIte.  — ITth*  bunps  kboTc  upccitird  are  sll  exactly  aIIIm  It  ItvwSitmt  OM  llwar*  I 
HM  in  each  lain])  of  Ihc  joo  ki  canooi  be  ihc  ume  u  the  current  in  each  lamp  at  At 
ixt  irL    It  i>  oiual,  however,  in  wiring  calculations  lo  consider  ihnt  lani|K  of  a 
i»  and  If  pr  take  a  delinite  aitioiint  of  cuircnt  incip«cli<e  o(  the  liichl  lariathiiu  of 
Oltace. 

180.  The  three-wire  system  of  problem  148  supplies  300  lamps 
1 50  amperes)  on  one  side  and  loo  lamps  {50  amiwres)  on  the 
Other  side,  and  the  total  voltage  of  231  volts  at  the  generator  is 
etjunlly  divided  by  the  balancer  as  explained  in  problem  149. 
Find :  (n)  The  voltage  across  the  set  of  300  lamps ;  and  {i) 
voltage  across  the  set  of  100  lamps.  Ans.  {a)  ID0.1  volts; 
[fi)  122.1  volts. 

A  ipan,  150  feel  long,  of  hard'ilrawn  copper  wire.  No.  8  Drown  and  Sharpe 

tu  be  lining  at  a  itiiiperalute  of  75"  F.  al  a  place  when  the  winter  tempsra' 

of  the  wire    i>  tu  hr   1&4  piiunib. 


in  tinkt  to  — 10°  V. 
M:  la)Th.«agat— » 
M.  (•]  0.86  fixil  j   (it)  : 


'F.;  (*)lhe»gat  7S'>F. 
.86  frcl  j  (r)  49  pounds. 


>ml  (^}  t( 


1  7S'  F. 


10s.  A  group  of  ten  lamps,  each  taking  one-half  an  ampere,  is 
teii  feet  distant  from  T 1 5 -volt  mains,  {a)  Find  the  siiic  of  wire 
required  in  onler  to  give  a  drop  of  5  volts.  (6)  What  size  of 
wire  (rubber  insulation)  would  be  rcijuired  according  to  the  table 
of  safe  carrying  capacity  given  in  Art.  1 16,  Chap.  IX.  ?  Ans. 
(a)  14.7  rails  diameter;  (d)  No.  16  Brown  and  Sharpe  gauge 
(31  nuls  diameter). 

AWf.  —  It  is  eviilrni  that  a  wire  14. 7  tnilt  In  diameter  would  b«  e(ccisi*e1]r  heated 
'  a  ctirrvnt  of  J  amperes.  I'suaJlji  ihr  liie  uf  wirt  for  tupplfini;  lampi  near  to  Ihe 
nomlor  or  center  of  ctiiitrihutiuD  i«  iletrrmrnnl  liy  Ihe  ubie  at  ta(t  eartylog  capacity. 
Th«  InMtanY  mien  of  the  Naiioial  Klecitiral  Code  forbid  the  me  of  wire  imRllei 
■n  No.  14  Ilrown  and  Sharpe  gauge  fir  houw  wiring. 

163.  A  pair  of  street  mains  Icatling  out  from  a  central  station 

delivers  50  amperes  of  current  to  a  consumer  at  a  distincc  of  200 

from  the  station.  7  5  amperes  to  a  second  consumer  at  a  distance 

of  350  feet  from  the  station,  and  40  amperes  to  a  third  consumer  at 

distance  of  600  feet  from  the  station.     The  stati<m  voltigc  is 

1 5  volts  and  the  voltage  at  the  distant  end  of  mains  is  1  to  volts. 

Find  :  (a)  The  mm,  weight,  and  cost  of  mains  of  unifonn  size  ; 

(^)  the  size  of  each  section  of  the  mains,  and  their  total  weight 


.   liW- 
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aMl;«lHsi  tk  flbes  wtSmatA  kkt/bBprn  so  as  to  give  tibe 
iiiilii|gi  iliini  wMi  s  flHEHnQnt  smomt  of*  copper.  Tbe 
ooit  of  copper  ii  Id  be  taloai  sft  i6  oenis  per  potmcL  Ans.  («) 
2601,300  drenhr  mifa^  946-5  posmds,  151.2  dollars^  (Q  fint 
section  3 19^700  cKolar  iisl%  aeocMid  sectioQ  267,000  G^^ 
dwd  sedioa  157,400  cociihr  vaBm^  868  pounds  139  doUars. 

fcite«bMfniikm,ooefliif«K«w«vmMAtMiliHtad«£< 

IM.  An  dectiic  nnhnQr  33»300  feet  in  le^gdi  is  divided  into 
tiiree  sectioos  of  whidi  die  let^tlis,  9,000  feet;  10,800  feet  aad 
13,500  feet,  are  proportional  to  the  schedole  qpeeds  of  cars  oa 
die  leqiective  sections  so  tint  a  car  nmnhigfrom  end  to  end  of 
the  line  tiavcracs  eadi  section  in  10  minates.  Four  can  are 
always  on  die  fest  section  fiveminutes  mgojtt  going  each  way,  two 
cars  are  alwasrs  on  die  second  section  ten  minutes  apart  going 
each  way,  and  a  sii^;le  car  is  always  on  tfaetlurd  secticm  making 
the  round  trip  in  20  minutes.  Owmg  to  frequent  stops  on  the 
first  section  the  cars  take  an  average  current  of  1 25  amperes  each, 
on  the  second  section  the  stops  are  less  frequent  and  each  car 
takes  an  average  of  105  amperes,  and  on  the  third  section  the  stops 
are  least  frequent  and  the  car  that  is  always  on  this  section  takes 
an  average  of  95  amperes. 

The  **  center  of  gravity  *'  of  the  four  cars  that  are  always  on 
the  first  section  is  at  the  middle  of  the  section,  the  "  center  of 
gravity  "  of  the  two  cars  that  are  always  on  the  second  section  is 
at  the  middle  of  that  section,  and  the  most  unfavorable  position 
of  the  single  car  that  is  always  on  the  third  section  is  when  it  is 
at  the  extreme  end  of  the  line.  Assume,  therefore,  that  500 
amperes  are  delivered  continuously  at  the  middle  of  the  first 
section  (4,500  feet  from  the  city  end),  that  210  amperes  are  de- 
livered continuously  at  the  middle  of  the  second  section  (14,400 
feet  from  the  city  end),  and  that  95  amperes  are  delivered  con- 
tinuously at  the  extreme  end  of  the  line.  If  the  power  house  is 
located  at  the  city  end  of  the  line,  find  :  {a)  The  size  of  each 
of  the  feeder  to  give  a  total  drop  of  75  volts  at  the  ex- 
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tmc  end  of  the  line  with  a  minimum  amount  of  cojjpor;  and 
Uic  total  cost  of  feeder  cop])er  at  iCicenW  per  pound.  Ans. 
J  First  4,500  ffct  of  feeder  i.gSo.cxjo  circular  mils,  next 
poo  feet  of  feeder  1,219,000  circular  mils,  and  remaining  18,900 
of  feeder  680,000  circular  mils  ;  (*>)  16,400  dollars. 


7  anceiuin  iDit 


of  (he  bonded  Irack.  «h!ch  !i  >unl  u  ■  return  (ecdrr,  ii 
c  lo  be  araumed  eqiul  lo  tero  foi  ihr  ake  of  simp] idly. 


155.  (a)  Find  the  position  in  which  the  power  house  should  he 
Bced  on  the  railway  ,'ij>ecificd  in  problem  154  in  order  that  the 

sder  copper  may  be  reduced  to  a  minimum  ;  (^)  find  the  si/c  of 
ich  section  of  the  feeder  on  the  assumption  that  the  two  cars  on 

E  middle  section  are  in  the  most  unfavorable  positions,  namely, 

the  two  ends  of  the  section,  and  on  the  assumption  that  the  car 
I  the  third  section  is  at  the  extreme  end  of  the  section  ;  and  (^ J 
id  the  total  cost  of  the  feeder  copper  at  16  cents  per  jKiund. 
Dtal  drop  to  each  end  of  the  line  to  be  75  volts.  Ans.  (a) 
>,48o  feet  from  the  city  end  of  the  railway ;  {/>)  first  section 
1 1.000  circular  miU.  city  end  of  second  section  (1,480  feet) 
15,300  circular  miU,  suburban  end  of  second  section  (9,320 
m)  536,700  circular  mils,  and  third  section  369,900  circular 
;  (f)  7,119  dollars. 


JH*.  — The  power  houie  should  hr  placfd 
which  ihii  Kim  U  •Ithoc-l  i 
It  of  fecOer  (vppet  ma;  !■«  ■  niinimum. 
■  tUctHc  luDpi  are  la  be  tupplled  bjr 
inviij  "  of  the  toniumen,  e*di  nw 
■  la  Ac  cnnmt  delivtml  lo  him. 

•TOO  dlf  MOionof 9.000  Icet  itami 


I  the  "  centM  of  Rnrit jr ' "  of  •  ijf 
An.  119,  Chip.  IN.,  in  order  thai 
SimlUrljr,  ■  cmler  nf  Jittribotka, 
icrl  maiiu,  ibould  be  locaudat  the 
uner  beiii£  ■  ■  weighted ' '  in  propor  - 


fTlHftcder 


n  bo  or  onliiirtn  icciion  of  441,. 
hcvlar  inlli  ihtottuhiml,  liut  ll  wiuld  be  ad«[iable  Id  liul  lo  make  the  eitrcm« 
nil  of  ihit  uciUhi  of  the  feedei  uiuch  miallcr  than  441,000  ciiculai  miU. 

(6.  A  nearly  reentrant  row  of  ttX)  lamps,  each  taking  onc- 
r  an  ampere,  is  to  be  wired  in  accordance  with  the  return  liK>p 
I,  usini;  wire  of  uniform  size.  The  row  is  200  feet  lung, 
!  end  of  the  row  is   50  feet  from  the  serxioe  point,  and  the 

rend  of  the  row  i*  60  feet  from  the  service  point<  The  vol* 
e  at  the  aervice  point  in   1 1  5  volts.     Find  the  sixc  of  wire  to 
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give    105  volts  at  the  middle  lamp  of  the  row.     Ans.   14,040 
circular  mils  sectional  area. 

.Vd/i-.  — Such  prublemsas  ihis  and  problem  157  are  nosl  «aiil]r  Mjlnd  on  tit  u- 
luinpliDii  that  tbc  giveo  group  o(  lamps  is  U|uival(nl  to  a  50-oinpere  load  dinr^gled 
with  ideal  unifonuily  ovei  the  whole  length  of  JOO  tetU 

157.  Find  the  voltage  at  each  end  lamp  in  the  row  specified  iDi 
problem  156.  Ans.  108.85  volts  at  one  end  and  109,23  voltsat 
the  other  end. 

.\Wf.  —  The  drop  along  n*  (or  i-i/),  Fig.  164*,  is  equal  (o  y-J^^^  (X—i  \Ui, 
which  i«  equal  Ui  Jjp.V/,  vhere  pXii  the  resistance  of  ai  (or  ri/}  and  /ii  thrUul 
eurtcni  delivered  lo  the  group  ot  lamps.  Com  pore  Art.  119.  Chap.  IX.  ThcrefaE 
the  vultnge  at  oac  end  of  the  row  U  115  volti  minus  the  drop  In  (6a  -f  -ji>)  feet  el 
the  service  wire,  and  the  voltage  al  the  other  end  of  the  row  is  1 15  volts  minut  Ibl 
ilrupin  (50+ 't')  feet  of  the  service  wire ;  wilfa  Tull  current  of  50  ampera  in  c«l 

ISB.  All  the  lamps  except  the  middle  lamp  in  the  row  j^ko- 
fied  in  problem  156  arc  turned  off.  Find  the  rise  of  voltage  at 
the  middle  lamp.     Ans,  I'Vnm  105  volts  to  114.88  volts. 

169.  Find  the  size  of  wire  required  to  supply  the  row  of  100 
lamps  specified  in  problem  1 56  by  the  simple  parcillel  scheme, 
both  service  wires  being  led  from  the  service  point  to  the  nearer 
end  of  the  row :  {dj  when  the  drop  between  the  service  point 
and  the  most  remote  lamp  is  lO  volts  ;  (^)  when  the  drop  to  the 
most  remote  lamp  exceeds  the  drop  to  the  nearest  lamp  by  the 
amount  (109.23  —  105)  volts  ;  and  {c)  when  the  drop  to  the  most 
remote  lamp  is  5  volts.  Ans.  {a)  i6,200  circular  mils  sectional 
area ;  (<*)  25,600  circular  mils  ;  (c)  32^00  circular  mils. 

A'off.  —In  case  (<i)  we  have  the  same  total  drop  as  in  problem  156,  bat  tbe 
voltage  at  Ihe  lamps  ranges  from  105  volts  at  the  remote  end  to  111.67  vollsit  the 
near  end  of  the  row.  that  is  a  range  of  6. 67  volts  ;  whereas  witb  the  retDm  loop 
scheme  ni  specified  in  problem  156  the  voltage  at  the  lamps  ranges  from  105  it  the 
middle  lamp  lo  a  maiiniutn  of  109.23  volts,  that  is,  a  range  of  only  4.33  volts,  and 
the  wire  in  the  return  loop  scheme  is  the  smaller. 

In  case  (6  ,  the  voltage  at  Ihe  lamps  has  the  same  range  as  in  problem  156  andlbt 
lamps  therefore  would  operate  equally  well  as  in  the  return  loop  scheme  as  specified 
in  problem  156,  provided  the  lamps  are  all  in  use  or  all  out  of  use,  but  tbe  wire  a 
case  [i]  is  nearly  twice  as  heavy  as  in  problem  156.  This  shows  in  a  striking  way 
the  saving  of  copper  by  the  return  loop  scheme,  for  the  swne  range  of  voltage  omoof 


I'ROULEMS.  4R9 

■  lUDps,  when  the  group  ur  lump  lonta  a  aaulj  tctiitranl  luw  and  when  Ihe  Uiu|b 

■  alwiju  either  all  on  m  all  off. 

On  Ibi  other  hnnd,  the  mult  of  problem  15S  sbowi  ihai  the  rrtun  loop  *a  sp«d- 
i  In  prabbai  156  a  not  at  all  suited  lo  (he  case  id  which  pan  of  the  lamp*  in  the 
Mp  are  turnett  ulT,  the  cRect  being  lo  anise  s  very  considerable  riw  of  vollag*  al 
•  rptnaining  lamp  lor  laoipi). 

180.  A  gmup  of  50  lamps  each  taking  i.o  ampere  is  to  be 
hstalled  m  a  church  at  a  distance  of  one  mile  from  a  hgliting 
nation.  It  is  understood  that  whenever  any  of  the  lamps  are  in 
ISC  all  arc  in  use,  so  thai  the  drop  in  the  feeders  which  supply 
he  lamps  may  have  any  value  that  economy  demands.  Tlie 
lamps  arc  to  be  operated  for  300  hours  each  year.  The  cost  of 
(wcr  at  the  station  is  3. 5  cents  per  kilowatt-hour,  the  cost  of  cop- 
is  16  cents  per  pound,  the  annual  charge  on  the  cost  of  the 
irirc  u  to  per  cent,  (interest  6  per  cent,  depredation  3  per  cent, 
ind  taxes  i  per  cent),  and  the  station  voltage  is  125  volts. 
Find  :  {a)  The  size  of  tlic  feeders  to  give  a  balance  between  los^ 
of  power  and  cost  of  cojipcr.  and  (fi)  the  \'tiltage  at  tlie  lamps. 
Ans.  {a)  76.370  circular  mils;  (<4)  50,45  volts. 

t\Wt  I.  — The  onljr  ol^eclinn  lo  Ihe  applicalinn  of  the  ecotKMnic  principle  of  the 
balancr  belwren  liiu  al  power  and  cott  of  cnppri  to  a  com  lilie  the  oue  here  ton- 
udereH  >i  Ihal  Ihr  railage  al  the  lani|it  majr  be  vrtit  illflrTenl  rrtun  Ihe  lollap  which 
prenili  in  the  other  parti  of  the  lighting  lystctn.  w>  thai  the  stalioit  maiiaKClnetit 
would  have  to  Ik  careful  lo  tuppl;  ipecial  lampt  railed  lo  Ihe  ipecial  tollage.  It  ii 
<iii)cnl  Ibat  ll  ii  eipcntltr  al  bcM  lu  wpply  the  fifty  lamp*  al  a  ditUnce  of  a  mile. 
Iu(.  under  llie  conditions  of  problem  Ida.  it  Ttt|aire9  ^391.40  wuith  of  cu|iper  wllli  a 
tou  of  >J9. 14  worth  of  power  each  feat,  and  lo  Itanimii  the  required  power,  i.jai 
kilnwaits  (or  ai.93  amperes  wllh  lio  vulti  al  the  lain|u).  with  15  voltt  drop  would 
take  5^93  worlh  of  copper  with  ■  Ion  of  tyftl  worlh  of  power  each  jrti. 

\otr  /.  —  II  ll  instructive  to  H>l>e  prolilriu  160  Knphlcally  ai  folliiwi  1  Auune, 
nf.  50,000,  60.000,  70,000,  80,000,  go.ooo,  ami  100,000  i-iiiQlar  miU,  I'te  IheK 
MCtional  arou  ai  abiciuas  of  two  cunn.  A  and  A  ;  the  onlinatei  al  tvive  A  rcpre- 
acntSni  the  *alun  in  ilollan  of  ibe  power  lost  each  year,  aad  the  iirilliuiiei  of  ctmc 
B,  repr»eot<nt>  ihe  innoal  iharK*  in  iloUara  on  the  total  coat  of  the  coppa.  Theti 
plot  a  Iblrd  rarae,  (',  of  which  each  ordinate  it  the  «im  of  the  corrapomling  ordl- 
nalet  »f  currci  A  am)  ft,  ami  the  ahfciua  concspnndln|[  to  the  minlmuTD  otditiale  of 
Iliii  curve,  C,  U  the  re>|uired  tettiuiMl  area. 

161.  A  coniiumer  [lays  10  cents  per  kilowatt-hour  not  only  lor 
the  energy  he  uses  in  his  tamps  but  also  for  tlie  energy  that  is 
lost  in  tlie  wires  tliat  lead  Unm  the  watt-hour  meter  to  his  Iwn|>s. 
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.he  customer  uses  his  lamps  2  hours  per  day  the  year  round, 

d  the  size  of  wires  he  should  use  in  his  house,  in  circular  mils 
ler  anipere,  for  greatest  economy,  the  cost  of  copper  being  ]6 

Its  per  pound,  and  the  interest  and  depreciation  being  8  per 
cent.     Ans.  4,507  circular  mils  per  ampere, 

163.  The  cost  of  power  at  the  switch-board  in  an  arc -lighting 
station  is  2  cen  :  per  kilowatt-hour.  The  plant  supplies  a  current 
of  6.6  amperes,  to  a  circuit  of  50  arc  lamps  which  are  operated 
on  a  moonlight  sfh'-Hnlo  fnr  ^  i/v.  iiours  each  year.  The  cost 
of  copper  is  21  ,,.         per  the  annual  charge  on  the 

cost  of  the  wire  is  u        st  6  per  cent.,  depreciation 

3.5  per  cent.,  and  The  cost  of  tlie  wire  is 

high  and  its  depre  ause  the  wire  is  insulated 

The  price  of  21  cents  per  n  the  net  weight  of  copper 

in  the  wire  and  this  price  1=  1  to  cover  the  cost  of  the 

insulation.     Find  the  size  ■         r  ive  a  balance  between  loss 

of  power  and  cost  of  copper.     Ans      7,040  circular  rails. 

Ki/e.  — 7*he  falling  of  an  arc  light  wire  into  the  street  woold  bcTerjdangeroaioo 
account  of  tbe  high  voltage.  Therefore,  it  is  importaot  tlut  an  arc-  lamp  cicciiit  be 
very  lubstonlial.  It  is  usualljr  not  considered  allocable  few  this  rcMon,  to  use  wire 
smaller  than  No.  6  Brown  and  Shupe  gauge  (26,000  circular  mils)  for  an  arc-laiap 


163.  Find  the  cost  to  the  station  owners  of  16.5  kilowatts  of 
power  delivered  for  1,200  hours  each  year  at  220  volts  over  a 
special  line  to  a  single  customer  at  a  distance  of  one  mile  from  the 
station,  the  wire  being  of  such  size  as  to  give  a  balance  between 
loss  of  power  and  cost  of  copper.  Determine  the  size  of  wire  on 
the  basis  of  a  6  per  cent  annual  charge  on  the  cost  of  the  copper  at 
16  cents  per  pound,  the  cost  of  power  at  the  switch-board  being 
2. 5  cents  per  kilowatt-hour.  Reckon  the  total  cost  of  the  line 
at  2.25  times  the  cost  of  the  copper,  and  reckon  the  total  annual 
cost  of  interest,  depreciation,  taxes,  and  maintenance  of  line  at 
IS  per  cent,  of  the  total  cost  of  the  line,  Ans,  ^1,176.80  per 
year,  or  about  6  cents  per  kilowatt-hour  delivered. 

164.  Given  ten  groups  of  lamps,  each  group  taking  10  amperes, 
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he  groups  being  10  feet  apart.  The  lamps  arc  supplied  with 
uiTcnt  from  ns-volt  mains  according  to  the  wiring  scheme  1 
ihown  in  Fig.  [68,  Chap.  IX.  The  end  group,  6d  (see  figure),  i 
I  10  feet  from  the  mains,  the  point,  /•/.  is  70  feet  from  tlie  mains, 
ind  No.  2  Brown  and  Sharpc  gauge  copper  wire  is  used  tlirough- 
)ut  Make  a  drawing  hke  Fig.  \iyd.  Chap.  IX.  showing  the 
■oltage  at  every  gniup  of  lamps.  Sample  answer:  1.964  volt» 
Jrop  to  the  group  of  lamps  which  is  50  feet  from  the  service 
int 

AUllr.  —  tl  would  lie  pcrmiHible  for  prnclical  puipo&ci  to  cilcuUle  dmpi  lo  the 
uiocu  lsm|»  in  Ihis  pnibleiii  im  the  BuumpMiin  Ihil  thf  lut>|>s  conslilulc  ■  lend 
Vhich  11  dislriliulcil  wilh  iileal  uniloimil]'.  ll  a  here  inlcndcd.  however,  Ihal  the 
lln>{»  be  calcuUlcd  U  ihey  actually  ore  and  ao  [epirtenled  in  Ihe  dnwiD|[. 

■  6$.  The  core  of  an  innilaled  cable  U  a  cylindrical  rod  of  topper  \  inch  ia  dioni' 
tin.  th»  lead  sheaih  ii  i{  inchei  iniide  diameter,  and  ihe  ipace  between  the  core 
lad  (lie  thraih  is  filled  with  rubber  of  which  the  elccliical  stmgih  is,  ity.  im.odo 
vlU  per  eentltnctec.  Find  Ihe  |[rralMt  voll*)^  tielween  sheath  and  core  thil  the 
obbn  Inaulatioo  con  susuin.     Aiu.  79,130  vulti. 

iM.  An  electromolive  force  of  104,800  rolls  is  applied  very  luddcnly  lo  two 
|MT»Uel  wires  6  mils  In  diameler  and  6  inches  apart  center  lo  center.  What  is  the 
"  aeter  of  the  cylindrical  legion  about  each  wire  ihrmighoot  which  Ihe  electrickl 
n  esoMds  the  electrical  strength  of  Ihe  air,  namely,  16,000  volts  per  ccnlinieler  ? 
An*.  One- half  an  inch  in  diaBieler, 

ArWr.  — After  the  vo!la)[r  has  l«ca  applied  and  Ihe  air  Inside  of  Ihe  region  one- 
talf  aa  tnch  la  diameter  has  Imken  down  eleclijcally,  a  thin  cylindrical  layer  of  air 
e  of  i  inch  from  Ihe  wire  it  electrically  charged,  and  (he  lines  of  force 
■tbhdl  pais  outwards  from  this  thin  layer  of  aii  being  in  tension  pull  outwards  on  Ihe 
bycr  and  cause  convection  curreoti  which  very  (julckly  alter  the  dittrihuliun  of  electric 
Etid  between  Ihe  wires. 

167.  The  accompanjHng  figure.  Fig.  l6jP,  sliows  two  motors, 
JIT  and  M' ,  twri  groups  o(  glow  lamps,  f.  and  /".',  and  a  group  o' 
clamps,  /I. all  supplied  from  the  1 15 -volt  service  jioint,  P.  The 
sarc  all  -■'o  small  that  the  si/cs  of  all  wrcs  are  to  be  de- 
bermined  fri>ni  the  lahle  of  safe  carrying  capacities.  The  motor, 
\f,  ttlces  3  ij  anipcres,  the  motor,  Sf ,  takes  1 8  amperes,  the  group. 
^  contains  7  half-ampere  lamps,  the  group,  /.'.  contains  3  half- 
c  lamps,  and  each  arc  lamp  takes  5  amperes. 
{a)  Make  a  sketch  of  F^J,  167/*  and  indicate  the  values  of  the 
Ummt  at  the  points  a,  b,  c,  d,  r  and  /,-  {6)  mdicatc  the  size  of 
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each  wire  assuming  rubber  insulated  wire  to  be  used ;  (c)  show 
the  location  and  mark  the  current  rating  of  everj-  fusible  cut-out 
and  branch  block  required  by  the  National  Electrical  Code. 


Chapter  X.     Photometry  and  Electric  Lighting. 

168.  The  intensity  of  illumination  at  a  distance  of  four  feet  from 
a  i6-candle  lamp  is  sufficient  for  easy  reading  of  ordinary  book 
type,  {a)  Find  the  distance  from  a  2o-candle  lamp  at  which  the 
lamp  gives  the  same  intensity  of  illumination  ;  (*)  express  this  in- 
tensity of  illumination  in  spherical-candles  of  light  falling  on  each 
square  foot  of  illuminated  surface  ;  and  (c)  express  this  intensity 
of  illumination  in  luxes.  Ans.  (a)  4.47  feet ;  {d)  0.0796  spherical- 
candles  per  square  foot ;  (c)  12.21  luxes. 

A'etr,  —  One  lux  is  the  intensitjr  of  illnmiDation  produced  hj  a  Hefner  lamp  at  a 
distance  of  one  meter. 

169.  The  glow  lamp  which  is  used  as  a  standard  in  a  Bunsen 
photometer  has  a  candle  power  of  16.8  candles  in  the  direction 
towards  the  photometer  screen.  Another  lamp,  B,  is  placed  at  the 
other  end  of  the  photometer  bar ;  and  when  the  screen  is  adjusted 
to  equality  of  illumination  on  both  sides,  it  is  2.61  meters  from 
the  lamp,  B,  and  if 'i  ibindard  bunp.     What  is 


E'<an31c  pfwer  of  n  in  the  direction  towards  the  screen  ?    Ans.  ' 
i-j  candle  [rower. 

170.  Tile  lamp,  H.  of  problem  i6()  is  placed  at  a  distance  of  0.70 
Cltir  from  the  center  i>f  :i  large  mirror  which  reflects  the  light 
sm  B  along  tlie  photometer  bar  towards  the  photometer  screen  ; 

when  the  screen  is  again  adju.stcd  to  equality  of  illumination 
both  sides,  it  is  t.85  meters  from  the  standard  lamp  and  t.82 
■»  friini  the  center  of  the  mirror.  The  lamp.  /?,  prcacnts 
ifrards  the  mirror  in  this  case  the  same  face  that  was  presented 
twards  the  screen  in  problem  169.  Find  the  factor  by  which 
le  apparent  candle  power  of  any  lamp,  when  measured  by  the 
ght  reflected  from  the  above  mirror,  must  be  multiplied  in  order  ' 
)  correct  for  the  loss  of  light  at  tlic  mirror.     Ans.  1.13. 

171.  A  beam  of  light  consisting  of  parallel  rays  has  a  sectional 
isity  of  300  luxes,      Find  the  conical  intensity  of.the  beam 

it  passes  through  a  lens  of  which  llie  focal  length  is  50 
iters.     Ans,  75  hefners. 

Matr.  —  The  trtHmal  intimity  ol  ihe  cenkal  b«am  of  light  at  tir  !tm  U  ihe  mdc 
■he  icciional  Inicnutjr  of  ih(  Kivcn  beam,  nameljt,  jao  luiri,  Ihm  ii  joa  timn  u 
iRt  as  lb*  trcliuniil  inlmnllf  of  Ihc  light  al  a  diilancc  uf  l<M  cmltnictcra  ftoai  « 

Hcfiwr  hunp,  or  75  tlmei  U  Kmt  u  ihc  Mvli»oa1  inlrnill;  at  ■  illttaim  of  SO  ctntf- 
Hefncr  Utnii.     Theielbrc  the  ooalcsl  tnlnuily  of  ihe  CDBTtTjenI  l*auii 

1*75  bcfnen. 

It  u  pnlui»  more  inleUlsi1>U  to  t.\Mt  thr  wlulion  u  Inlloin  1  t^  u>  take  u  the 

mlt  of  lishl  Aui  the  unuua.  uf  li|;hl  in  one  sqinte  cenlimetM  of  ■  beun  of  which  the 
tioo*)  inteiult]r  It  oar  lui.  Thh  unii  of  light  i*  00*  lai-cin,'  CoaiiiSerone 
MI*  ceBlimelrT  iM  ihc  turfucc  eS  ihe  Inn.  The  omc  Jefin«l  \>y  lioct  dnira  Eram 
r  |Kri(ihrty  of  ihii  jmrtioii  uf  The  leu  la  the  focui  haiii  ulld  iin|{lear  i  cnL'tHrided 
(50  cm.)*  «hU:h  Uc(|iul  to  ,,i,fl-  "^i*  """'  <™it>li>>  5^  lax -00.'  of  licht  w 
a  ibc  conkal  intenaily  of  the  conical  beam  it  jOO  lux-on.*  ilttideJ  l>>  ,^g 
jch  b  r^unl  to  ;50,ooo  lui-cn>.*i  *ix]  ■■  oniy  rcmaint  T»  roliKC  Ihii  lo  h«rn«n 
I  lira  vml  cvnaUlrr  one  ■|iutr  ceOllluTtei  o(  icri  al  i  didance  of  loo  cenUinrten 
■  •  Hefner  lamp.  The  ■motiDt  of  lighi  paiaiiiB  through  lhl>  area  b  one  lai-cM.' 
I  llw  lolM  angle  lubtended  hy  the  itea  ■>  nloe,  «>  that  ooe  hcfner  b  t^t^l  to 
,000  In -an*. 

Salhl  angte  !•  uiouireil  by  a  pure  ratio,  area  dbuled  by  ladiiu  vguarH  ;  and 
aAn  light  Urn  and  nmial  inieniity  of  tishi  hire  Xim  lame  phyiical  dinientioni, 
J  both  nay  l«  rtptoicd  lo  lui-cm.* 


CT5  OF  ELECTRICAL  ENCINEERINC. 

Show  that  '</'  is  the  least  resistance  which 
to  be  staUe  with  a  current  of  /  amperes  anii 
force  of  £  volts  across  the  arc. 

^^■■d  idt  ^^OK  dMnt)eri5lic  o(  the  arc  aod  the  rdisliiice 
(M  ttiA  orttaMc  of  tiie  ^veo  <-att  ampere  characlrrtilk  iji 
iflltKsiM.  "npnuiihined  iDll-ampcFC  chnraclcnstic  aillstKn 
ifE  vCh  wilLajit  cvtrnl  (oniUblc)  when  the  curient  il  lei 
il  al  tkc  paat  oorrespoodu^  to  /,  and  il  will  show  tn  in 
nt(staUet  when  the curteni  i>  gn-ali-i  thin /, 

Xn.  When  the  cost  of  electric  po«-eris  lo  cents  per  kilowatt- 
hour,  what  is  the  total  cost  of  i.ooo  candle-hours  delivered  by  A 
^tffaoo-fitantcnt  ^ow  lamp  costing  iS  cents,  giving  an  average 
of  15  candies  during  Os  lire  of  600  hours,  and  consuming  an 
mi'nage  m  54  uatts  ?     Ans.  38  cents. 

178.  At  nhat  prke  could  an  osmium-filament  glow  lamp  be 
iBold  to  make  the  total  cost  of  I^ht  to  per  cent,  less  than  by  the 
use  of  the  carbon- filament  lamp  specified  in  problem  178,  the 
osmium  lamp  gi\in^  an  average  of  15,'j  candles  during  a  life  of 
1,500  hours, andconsumingan  averageof  24  watts?    Ans.  £4.35. 

180.  An  enclosed  arc  lamp  costing  15  dollars  is  used  3,500 
hours  each  year  for  street  lighting.  The  depreciation  of  the  lamp 
is,  say,  3  j4  dollars  per  year,  including  interest  on  its  cost.  The 
lamp  is  trimmed  and  cleaned  thirty-five  times  per  year  at  a  cost 
of  I  ^  dollars.  The  lamp  consumes  500  watts  and  delivers  22J 
spherical -candles  of  light.  Find  the  total  cost  of  1,000  spherical- 
candle-hours,  the  cost  of  power  being  10  cents  per  kilowatt -hour. 
Ans.  22.9  cents. 

jVafi.  —  Ponet  for  street  arc  lighting  should  be  reckoned  at  a  cost  trrj  modi  less 
than  10  cents  per  kilowatt-hour  on  acmunt  of  the  fact  that  the  lights  are  opcialed 
steadily  Tor  a  long  lime  each  day.  The  cost  of  lO  cents  per  kilowatt -hour  is  here 
specified  in  order  that  the  result  of  problem  i8o  may  be  compared  intelligenlljr  with 
the  result  of  problem  17S.  It  is  to  be  noted  furthermore  that  1,000  candle-bonis 
from  a  glow  lamp  means  at  present  1,000  mean -horizontal  ouidle-bours,  not  1,000 
Spherical-candlc-hourB.  The  latter  is  about  15  per  cent,  less  than  the  fbrnier,  ao  that 
the  result  of  problem  17S  should  be  divided  by  0.S5  lo  nuke  it  strictly  compuaUc 
with  (he  result  of  problem  iBo. 

Even  though  the  cost  per  spherical -candle- hour  be  consderablj  lc»  bj  the  tse  of 
a  enclosed  arc  lamp  tbi,<v  b;  the  use  of  a  glow  lamp,  the  Uller  amy  be  naXlf  Amptt 
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hr  faci  Itiit  B  |x>rtii>ii  uf  a  slrrcl,  lur  riaiiipre.  may  lie  much  liellei 
l|[htnl  by  1  numlicr  of  ill5lril>utFil  glow  louipa  lliuii  liy  one  arc  lump  cvrn  ihou^h  Ihe 
)ow  lamps  aggregate  Rioch  less  s|itietica]-ciiiirllc  power  ihan  ihe  lie  lamp. 
161.  A  street  is  to  be  lighted  for  3,600  hours  each  year.  The 
t  has  trees  alonj,'  it  so  that  satisfactoi>'  illumination  requires, 
iHher.  (et)  one  225-cantlle-power  364-watt  enclosed  arc  lamp 
ivery  250  feet,  costing  Ss.25  per  year  fur  interest,  depreciation, 
cleaning  and  trimming,  or  (/>)  three  3  2 -candle -power  112-watt 
jlow  lamps  every  250  feet,  each  lasting  600  hours,  and  costing 
25  cents,  including  the  cost  of  replacing  when  burned  out.  The 
rice  paid  for  power  is  3  cents  per  kilowatt- hour.  What  is  the 
total  annual  cost  of  lighting  250  feet  of  the  street:  (a)  By  en- 
closed arc  lamps,  and  (/')  by  glow  lamps.     Ans.  [a)  J44.56;  ((*) 

.Vote  I,  —  Tlie  arc  lamp  oiii^uinej  leu  ptiwrr  heie  llian  n  ipcciricl  in  problem 
Bq  (aawnuch  ai  Mrcet  area  aic  uiually  coiinecleit  in  Mrin  and  apcratcd  hj  a  OKUUUU- 
■tfeal  teoeralOT  (or  rranibcmer)  to  iliai  there  U  no  hallasi  reiutance  in  th«  lamp*. 
Mm  J.  —  It  iiverf  imporiant  tocoiiuder  ilial  a  ipecial  gcncritof  (or  ininslbniM'r) 
tul  Ix  luci]  III  suppl]r  leriei'Ciianected  arc  lanip^  wlieccii  nUiti  laropt  can  tic  oper- 
lad  ftom  Ihe  »me  generalar  that  luppliei  curreni  &ir  glow  lampa  for  hau»  lighting, 
tost  of  opcniing  Hrist-CHinecinl  ana  ii  nlher  motr  ihan  t44<S^  ""'' 
Kl  jrrar,  as  crunpareil  with  (40.79  for  ihrrc  jacandlv-powcr  glow  Uni|n,  on  acfiunt 
0(  Ih*  inlnitl  on  the  coat  an)  Ihe  depredation  of  Ihe  tpccial  geociatcir  |ui  liaiiifutiuei ) 
a  I  he  farmer  caic. 


Appf.nihx  a.     Magnetism  of  Ikos, 
IS8.  The  intensity  of  the  magnetic  field  in  tlic  air  gap  between 
tbc  pole  face  and  the  armature  core  of  a  dynamo  is  3,500  gausses 
and  the  field  is  at  right  angles  to  pole  face  and  armature  surface. 
The  diittance  across  the  air  gap  is  3,i  inch.     Find  the  magncto- 
lodve  force  across  the  air  gap  in  gilberts  and  in  ampere-turns. 
OS.  3.333.5  gilberts,  or  2.650  ampcre-tums. 
XSS.  Find  the  magnetomotive  force  in  gilberts  and  in  am|)ere- 
inu  along  a  vertical   line  10  mett:rs  long  at  a  place  where  the 
of  the  earth's  magnetic  field  is  0.56  gauss  and  its  dip  is 
Ans.  S33  gilberts  or  434  ampere-tums. 


4\)^  ELKMKNTS  OF  ELECTRICAL  ENGIXEERIXa 

184.  A  slim  rod  25  centimeters  long  is  made  into  a  lizikTiach 
lassos  tlirou^h  a  coil  of  50  turns  of  wire  in  which  a  cumat  d  15 
;un|H'rcs  is  (lowing.  iMnd  the  average  value  along  the  rodof  dx 
com|H>noat  |xirallcl  to  the  rod  of  the  magnetic  field  due  to  the 
coil.     ICxprcss  the  result  in  gausses.     Ans.  37.7  gausses. 

185.  Rcilucc  a  field  intensity  of  25  ampere-turns  per  indi  to 
gausses.     Ans.  12.37  gausses. 

188.  Slu>\v  by  dotted  lines  the  various  magnetic  circuits  in 
'*'S^'  3-  ^^^  .V>  ^^f  Chap.  II.  Let  <^ represent  the  magnetomo- 
tive fierce  of  u  single  field  coil  in  each  figure.  What  is  the  mag- 
nctimuuivc  fierce  acting  on  each  magnetic  circuit?  Ans.  2^^ in 
Ki^;.  32  ;  2.^  in  Fig.  33  ;  J^in  Fig.  34;  iFin  Fig.  35  ;  2^ in  Fig. 
30 ;  2S^\x\  Fig.  37;  J^in  Fig.  38;  and  2«Fin  Fig.  39. 

187,  An  iron  nnl  2x2  centimeters  square  and  20  centimeters 
long  is  niagnctizcil  to  an  intensity  of  1,000  units  pole  per  square 
centimeter  section  when  it  is  placed  in  a  region  which,  but  for  the 
.utiiMi  of  the  poles  oi  the  rod,  would  be  a  uniform  field  parallel 
to  tlu"  lovl  .nul  of  an  itUensit)'  of  102  gausses.  Assuming  the 
poK's  i»t  \\\c  loil  to  W  concentrated  at  its  ends  calculate  the  net 
nuiiMuti.'ini;  tu  Kl  .it  tlie  center  of  tlie  rod.      Ans.  22  gausses. 

188  liiul  thr  tot.il  niai^netic  flux  through  the  middle  part  of 
llu"  iiiMi  loil  sjHHitievl  in  pri^hleni  1S7.  Ans.  50,353.6  maxwells 
iM  Inu's. 

^  '  ^!u-   y.\\\  of  \\\c  \\\\\  i\  .\-T*tt  and   the  other   part  is  cYr,  where  cf{  is  the 

111'.    lllJ;;iU  U.  Ill;;    !iv  M    .\l    \\\C    lUlvlvlll'    0[     tlu'    HhI. 

189.  A  \\\v  niaiMiet  of  hard  steel  is  2X2  centimeters  square 
,nul  .\^  <.\  niimcicis  Kmu;.  and  the  strength  of  each  pole  of  the 
ui.iiMiri  is  .\ooo  units.  The  niai^net  is  placed  in  a  region  which, 
lull  loi  \\w  pirsriu\"  o\  the  magnet,  would  not  be  a  magnetic 
\\c\(\.  V'xwA  {\w  total  ni.iiMKlic  flu.x  through  the  middle  part  of 
\\w  m.iiMut.      Ans.  j.j,u7_\S  maxwells. 

\  •  li»  'Ihs  ^.\sf  tbr  ju't  inai^nctizinc[  force,  oY,  at  the  middle  of  the  bar  is  a 

.;'.".•.;'.•..'.     /.v    louc.  M\y\  the  tlu\  iliu-  to  JVi^  subtracted  from  4tw. 

190.  A  transtornier  has  a  sheet  iron  core  of  which  the  uniform 
sectional  area  is  \  20  scjuare  centimeters.      The  mean  len^nh  of 
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the  magnetic  circuit  formed  by  the  core  is  loo  centimeters.  How 
much  current  must  be  pa.iscd  through  a  winding  of  500  turns  of 
wire  to  produce  a  magnetic  flux  of  1,767.000  lines  through  tlic 
core,     Ans.  3.88  amijcrcs, 

Nelr.  —The  snitlcDt  ibould  ptol  cuerutty  lh«  .Q  >nd  i.Vrurvm  for  wroaght  iron, 
oM  iron,  and  wn  >i»l  (tarn  llit^  I  allies  giicii  in  Art.  11,  AppenJii  A.  mil  luelbeac 
Corves  id  finding  i»crc«|>i>ndiag  viluei  of  I'd  and  d(  in  this  and  the  fallowing  prcihlenu. 

191.  How  much  flux  will  be  produced  through  the  wrought 
iron  core  specified  in  problem  190  by  a  current  of  8.J  amperes 
through  the  500  turns  of  wire?     Ans.  1,920,000  lines. 

193.  The  magnetic  circuit  of  a  dynamo  consists  of  wrought 
iron  ^in  armature  core  and  in  field  cores),  cast  iron  (in  field  yoke 
and  pole  pieces),  and  air  gap.     The  wroughl  iron  (wrtion  is  50 
centimeters  long  and  1 20  .square  centimeters  in  sectitmal  area,  the 
cast  iron  portion  is  40  centimeters  long  and  220  square  cent!- 
icters  in  sectional  area,  and  the  air  portion  is  2.5  centimeters 
long  and  300  square  centimeters  in  sectional  area.     How  many 
■turns  are  required  to  force  1 ,600.000  lines  of  flux  through 
circuit,  ignoring  magnetic  leakage?     .^ns.    12,100  ampere- 

«oani  of  RiagnMic  leakaee  lb«  magnetic  Htu  throwsh  field  filkt,  Add 
[«:«  i*  jaricrr,  lonielimB  <^r>y  much  tar|^t,   Ihui   the  floi  which 
ir  gspt  mil  through  the  ormiluic  tvic,     Tlieiefote  *  (tiichlif  greater 
ti  t  it  m|ulrrd  to  overtonu  Ihc  RiagiKlic  rctocluKr  uT  firld  ]n>kc,  field 
>  and  pale  piecr>  Ihan  wuuii.)  be  rcqidred  if  the  magnetic  lcaka|[e  were  txta. 
Uagiwtic  Icokage  ii  neiei  really  iiesliBi'''c.  bat  it  can  be  HtitfKtorilj'  determined  only 
f  icsia  on  B  finiihnl  machine. 

188.  How  much  magnetic  flux  would  be  forced  through  the 
etic  circuit  specified  in  problem  192  by  a  magnetomotive 
brcc  of  13,500  arapcrc-tums.     Ans.  1,723,000  lines, 

Ntlt.  —  Thii  |i(«l>Irn>  It  lo  be  lalied  hy  ealeulaling  a  tcrlci  of  lalurt  of  atnpcr*- 
tma  far  laruNu  ouisned  vsluei  of  dm.  Thne  laulti  are  to  be  plotted.  The  floi 
vn\  UK < II linn  (d  t^.joo  ampere  lunu  may  then  be  taken  from  thii  curre. 

IM.  A  !»traight  wrought  iron  rod  2  inches  in  diameter  and  24 
I  Iting  i-4  wound  with  i  ,ooo  turnti  of  wire.  Calculate  ap- 
juDximately  tlie  current  required  to  force  203,100  lines  of  flux 
tlinnigb  the  rod  and  back  through  the  aJr.     Ans.  tai  amperes. 


500  ELEMENTS   OF   ELECTRICAL   ENGINEERING. 

Note  —  The  magnetic  reluctance  of  the  air  between  two  similar  iron  spheres,  r 
centimeters  in  radius  and  ^centimeters  apart,  center  to  center,  is  equal  to  (</ —  r)/27</r, 
when  t/is  large  compared  with  r.  In  thb  case  r  may  be  dropped  from  the  numerator 
as  negligible  and  we  have  i/2Tr  as  the  magnetic  reluctance  of  the  air  between  two  iroo 
spheres,  each  r  centimeters  in  radius. 

In  the  above  problem  the  poles  of  the  iron  rod  may  be  taken  to  be  two  iron  S{Aeres 
2  inches  in  diameter  at  a  distance  apart  which  is  large  compared  with  2  inches.  The 
magnetic  reluctance  of  the  air  return  path  is  therefore  approximately  equal  to  0.0627 
oersted  (  -=  i/2t;-).  The  magnetic  reluctance  of  the  iron  part  of  the  magnetic  circuit 
in  this  problem  is  about  0.002  oersted  and  it  is  entirely  negligible,  inasmuch  as  the 
larger  reluctance  of  the  air  part  of  the  circuit  is  calculated  by  an  approximate  formala. 

196.  The  magnetic  reluctance  of  the  two  air  gaps  of  a  large 
bipolar  generator  is  0.0006  oersted,  the  reluctance  of  the  arma- 
ture core  is  0.00005  oersted,  the  reluctance  of  the  leakage  paths 
through  the  air  from  pole-piece  to  pole-piece  is  0.0022  oersted, 
and  the  useful  flux  through  the  armature  is  6,000,000  maxwells. 
Find :  (a)  the  magnetomotive  force  between  the  pole-pieces  in 
ampere-turns ;  {p)  the  magnetomotive  force  in  ampere-tums 
across  the  two  air  gaps  ;  {c)  the  magnetomotive  force  in  ampere- 
turns  across  the  armature  core  ;  {(i)  the  leakage  flux  ;  {/)  the 
total  field  flux ;  (/)  the  magnetic  leakage  coefficient  of  the 
machine  ;  and  {g)  the  total  magnetic  reluctance  from  pole-piece 
to  pole-piece.  Ans.  {(.i)  3,110  ampere-turns  ;  {b)  2,870.8  am- 
pere-turns; (r)  239.2  ampere-turns;  {ci)  1,773,000  maxwells; 
{e)  7,773,000  maxwells;  (/)  1.295  ;  {g)  0.000502  oersted. 

196.  A  6-pole  generator  with  a  full  load  rating  of  275  kilo- 
watts at  550  volts  has  a  simplex  wav^c  armature  winding  (2  paths 
through  the  armature);  the  armature  has  1,200  conductors  and 
the  commutator  has  300  segments.  At  full  load  the  brushes 
have  a  forward  lead  of  four  commutator  segments.  Find  the 
number  of  series  turirs  re(]uired  on  each  field  core  C  (when  the 
field  windings  are  arranged  like  Fig.  33,  Chap.  II.)  to  counter- 
act the  demagnetizing  action  of  the  armature  at  full  load.  Ans. 
8  turns. 

Xoli-.  — The  number  of  ampere-turns  required  on  the  field  per  magnetic  circuit  lo 
balance  />>  demagnetizing  amjK-returns  on  the  armature  per  magnetic  circuit  is  equal  10 


/       ,      field  reluctance     \ 
\  leakage  reluctance  / 
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irlicrc  field  tclnciancc  iDaini  the  la(»l  mngneiic reluctance  or  yoke,  mnKnct  carci,  uid 
pole 'piece*  ■nil  leikiige  reluctance  inniu  the  total  magnetic  reluclanre  of  the  air  path*   J 
bvlwern  Iwnadjareul  pDle-|iircn.     Thr  liglrl  tclurtance  i*  gencrilly  a  tniall  Inclian  ol    1 
the  Icaksee  reluctance  so  thai  the  ratio  of  the  c«ii  may  be  nr^rctKl  In  the  abori 

197.  (a)  Find  the  work  in  fi^s  and  in  foot-pounds  spent  in 
magnelixing  a  wrought  iron  bur  3  inches  x  3  inches  x  20  inches 
long  rrom  a  neutral  condition  to  iS  =  l6,000  lines  per  square 
ct:nttnictcr,  using  the  tabular  values  of  J?  and  .V  given  in  Art.  12. 
Appendix  A.  [i)  Find  tlie  work  in  ergs  and  in  foot-pounds  re- 
quirct)  to  tnagnetiKe  a  cast-iron  rod  of  tlic  same  size  from  a 
neutral  condition  to  J9  —  9,000  lines  per  square  centimeter.  Ans.  . 
{a)  32.6  X  lo*  ergs  or  2.406  foot-pounds;  {i)  33.9  X  10*  ei^  j 
or  2. 50  foot-pounds. 

J  i\V^.  —riot  the  16  >ad  ^curoei  rr»m  the  lahutai  laloe*  gjirn  la  Art.  ll,  ; 

pnalii  A.     Divide  the  areas  bcmecn  the  curcci  anil  the  J0  »xU  uiio  ■  nuuibtr 
-•UekiKraint,     Calculate  the  area  aC  each  parallelogram  and  Ihut  tind  ike  total  ar 

188.  A  transformer  core  contains  96  cubic  inches  of  the  best 
piality  of  transformer  iron  and  the  laminations,  which  arc 
horoughly  insulated  from  each  other,  are  0.014  inch  thick, 
rhecorc.  is  carried  through  133  magnetic  cj-clcs  per  second  bc- 
■een  the  limits  J?  =  i  3,500  gausses,  by  means  of  an  alternating 
current.  Find  the  hysteresis  loss  and  the  eddy  current  loss  in 
core  both  in  watts,  Ans.  Hysteresis  loss  14,7  watts;  Hddy 
current  loss  6.9  watts. 

199,  The  hystcrc.tis  loop  (Fig.  17,  Appendix  A]  of  a  sample 
iron  for  a  magnetic  cycle  having  the  limits  J0  h  ±  1 3.500  lines 
r  square  centimeter,  has  an  area  of  9.52  square  inches.  In 
attmg  the  loop  each  inch  of  ordinate  represents  2.000  units  of 
and  each  inch  of  abscissa  repn^scnts  5  uni'ta  of  A'.  Find  the 
liMt  in  25  cubic  centimeters  of  the  iron  during  the  mag> 
ictic  c)'cle,     .Nns.  1  S9.400  ei^'^, 

SOO.  Tlie  clectroiiLignct  shown  in  Fig.   12.  Ai^icndix  A.  has 

bt  following  dimensions.      The  cj'lindrical  corex.   CC,  arc  nf 

lught  iron  2  inches  in  diameter,  S  inches  long,  and 

iDcbcji  sport  from  center  to  center.     The  yoke.  IT,  and  the 
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^^p^iiKrgimf^mmmnfitmm^2X  2  ioclies  square^  and 
Ibftairgjpp  ImIipuji.  ifcr  wwitfit  aad  die  ends  of  the  axes  is 
Fant  dH^  total  flBaAcf  cf  aiiiiiefe4unis  required  to 
.pMHof9$4.5pawMb€id>efiraiitiiie;    Ana.  6,175  ampere- 


OT  ioiniB  between  oores  nd 
fe  ■raHUve  eadi  ei|Ml  top 


&    CnaAcnDusnc  Curves. 
Ghpu  Ae  fJlnwiiK  dtata,  apeci^iiig  the  external  char- 


J^   6S.Z    t2xo    i}Sj»    iscua    158.3     163.5     i^3    volts 
^1224303642         48  54      amp 

and  field  winding  is  o  55 
fiom  the  above  data,  and 
(ferfve  and  plot  the  tDtal  diaracteiistic,  goring  the  demagnetiz- 
ing action  of  the  current  in  the  armature.  Ans.  Coordinates 
of  one  point  ^,  =  ^  54-  5  volts,  I^  =  30.0  amperes. 

20SL  The  speed  of  the  abov-e  generator  is  doubled  ;  derive  and 
plot  the  altered  external  characteristic,  and  the  altered  total 
chanxcterisda  Ans.  Coordinates  of  one  point,  E^  =  292.5  volts, 
r^  ^  50.  o  amperes. 

203.  The  field  of  the  series  generator  of  problem  201  is 
wound  with  0.8  as  many  turns  of  wre  as  in  problem  201,  the 
wire  being  smaller  in  size  so  as  to  have  the  same  resistance. 
IVnve  the  data  for  the  external  characteristic  of  the  new  machine 
tKnu  the  data  of  problem  201,  ignoring  the  demagnetizing  action 
v^"^  the  current  in  the  armature,  and  plot  the  new  external 
chitKfccteruitic  Ans.  Coordinates  of  one  point.  £^  =  133.87 
wvt^  ^  ^  c^r  5  amperes. 

:H4   lVri\x  the  data  for  the  external  ampere-ohm  character- 
^  5i5crics  generator  of  problem  201,  and  plot  the  external 
H  cKauracteristic  of  the  machine.     Ans.  Coordinates 
/  «R  y>  amperes^  R^ »  4.6  ohms. 
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208.  Given  the  follouing  data  specifying  the  external  char-] 
acleristic  uf  a  shunt  generator: 

/■,        21G        307        T97        187        175        161        146        voIts.J 
/,  o  4  S  13  16         20         24 

The  resistance  of  the  armature  is  0.4  ohm  and  the  resistance  c 
the  shunt  field  winding  is  1 16,7  ohms.      Plot  the  external  < 
actcristic  from  the  above  data,  and  derive  and  plot  tlic  lobil  char- 1 
acteristic,  ignoring  the  demagncti-ting  action  of  the  current  in  the  I 
armature,      .^ns.     Coordinates   of   one   point,    £,=  182   volts,  I 
^— ■  17.5  amjK'rcs. 

908.  Derive  the  data  for  the  external  ampercohm  character-  * 
istic  of  the  shunt  generator  of  problem  205  and  plot  the  external  I 
arapcrc-ohm  characteristic  of  the  machine.  Ans.  Coordinates  | 
of  one  point,  /,  =  16  anipcrcs,  A',  =  10.94  ohms. 

S07.  Given  the  following  data  for  the  magnctiiatiim  curve  of  a  I 
shunt  generator  at  a  speed  of  t,200  revolution.')  per  minute 


138.0    1S5.G 


209.5 
2-4 


32r  5  232.5  242.0  250.5  as8.Dj 
3.0       3.6       4.2       4.8        5.4 

Plot  tliis  magnetintion  curve  and  deri\'c  from  it  the  voltage-speed  I 
characteristic  of  the  machine  at  zero  load,  the  re^tistance  of  the  1 
*hunt  field  winding  being  80  ohms.     Armature  resLstancc  ignored.  I 
Ans.  Coordinates  of  one  point,  430  volts  at  2,000  revolutions 
per  minute. 

W.   Derive  the  total  characteristic  of  the  shunt  generator  of 
problem  207  from  its  magnetization  curve,  the  resistance  of  the  I 
pvnuture  being  0.15  ohm      Ignore  the  demagnetising  action  of 
the  current  in  the  armature.     Ans.   Ctxjrdinatcs  of  one  point,  ] 
£^  w  309.2  volts,  /_  =  r  14.7  amperes. 

S06.  (a)  A  short-shunt  compound  generator,  rated  as  a  no-  I 
kilowatt  machine,  u  10  per  cent,  ovcrccmpoundcd.  That  is,  it  1 
gives  between  its  terminal*  500  volts  at  lero  load  and  5 50  volta  J 
I  full  load.  I^ot  the  external  characteristic  of  the  mad 
Z  it  to  be  a  straight  Ihie  between  zero  load  and  full  I 
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(/>)  Derive  and  plot  the  total  characteristic  of  the  machine,  the 
resistances  of  armature,  shicnt  fidd  winding  and  scries  field  wind- 
ing being  o.og  ohm,  lOO  ohms,  and  0.04  ohm,  respectively.  Ari*. 
Coordinate  of  one  point.  £^  =  576.5  volts,  /,  =  205.58  amix;res. 

210.  Given  the  following  data  specifying  the  armature  charac- 
teristic of  a  shunt  generator,  the  voltage  between  the  brushes  being 
kept  at  220  volts. 

/        2.7       20        40        60        So        100      130  amp. 

/,  2.7  2.84  3.0s  3.28  3.57  3.9  4.26 
(n)  Plot  this  curve  and  also  plot  the  curve  between  /^  and  /, 
The  shunt  field  winding  of  the  machine  has  2,000  turns,  {i)  Find 
the  number  of  turns  of  wire  required  in  a  series  field  winding  (short- 
shunt  connection)  to  bring  the  voltage  between  the  brushes  to 
220  volts  when  /^  is  lOO  amperes,  (c)  What  fraction  of  the  100 
amperes  would  have  to  be  shunted  round  the  series  winding  to 
give  exactly  220  volts  between  the  brushes  when  /  is  !00  am- 
peres ?  ((/)  What  fractional  part  of  /  would  have  to  be  shunted 
round  the  series  winding  to  give  exactly  220  volts  between  the 
brushes  when  /^  is  50  amperes  ?  Ans.  {/>)  26  turns ;  (c)  2.3  per 
cent. ;  (d)  22.9  per  cent 

211.  The  generator  specified  in  problem  209  requires  a  total 
of  6, 500  ampere- turns  to  give  500  volts  at  zero  load,  and  a  total  of 
9,750  ampere-turns  to  give  550  volts  at  full  load  (/^  =  200  am- 
peres). How  many  turns  of  wire  are  there  in  the  series  field 
winding  ?    Ans.  1 3  turns. 

212.  The  curve  in  Fig.  49,  Appendix  B,  gives  the  relation  be- 
tween speed-of-car  and  amperes -per-motor  when  the  two  motors 
on  the  car  are  connected  in  parallel  between  the  500-volt  trolley 
wire  and  the  track  with  rheostat  resistance  all  cutout  Derive  from 
this  curve  the  speed-ampere  curve  of  the  two  motors  when  they 
are  connected  in  series  to  the  500-voIt  supply,  the  resistance  of 
each  motor  being  0.50  ohm.  Ans.  Coordinates  of  one  point, 
speed  6.85  miles  per  hour,  current  80  amperes. 

p  in  Ihe  1 
tad  fhe  JP/' ilrop  In  iho  iwo  nxiWr)  Bintwclfll  in  irripi  if  a<o.SX''     Tbociore 
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•  counurc  (^tcctromolivc  fort;  of  nnc  tiinlot  in  Vig.  tg.  Appendix  I},  it  500  votit 
mKO.J  X  I  ani]  the  nwntct  tIrcUonioIive  ibtcc  ol  the  Iwn  mouirs  when  |be;  (re 
DBcCtcdia  (cries  is 500  minus  1  /  0.5  x  '•  Hence  (01  glvrn  curtenl  <  in  eidt  nulol 
eoowalri  eleciinnioiivc  fotcc  pet  moioT  U  500  tolii — 0.5  v  1  wbea  the  nxxon  are 
puallel  »nd  4  (SOO  volti  — »  X°-$  X ')  "■'hen  the  molors  ure  in  «rie4  ;  and  the 
ecdi  cormponding  to  (he  given  current  i  nrc  to  eatli  uthrr  ns  ihrie  counter  cleclni- 

313.  The  curve  in  Fig.  jo,  Appendix  R,  gives  the  relation  bc- 
i  the  tractive  effort  developed  by  a  single  motor  and  the 
current  in  the  motor.  Derive  tlic  curve  showing  the  relation 
Mtwcen  the  total  tractive  effort  and  the  total  current  taken  from 
be  trolley  wire  for  two  motors  :  (d)  connected  in  jutrallel.  and  (A) 
nnnected  in  series.  Ans.  Coordinates  of  one  point :  (n)  tractive 
iftbrt  2.250  pounds,  current  160  amperes;  [fi]  traclivc  effort 
350  pounds,  current  80  amperes. 

AW/.  — To  nuke  ihuc  irantronni 


m.  The  curves  derived  in  problems  2 1 2  and  213  for  two 
notors  connected  in  series  ap|)ly  to  the  two  motors  on  a  fiftecn- 
,  with  500  volts  between  trolley  and  rail,  and  with  no  re* 
mce  in  scries  with  the  motors.  Under  these  conditions  the 
r  travels  at  a  s]>ced  of  6.83  miles  per  hour  up  a  6.23  per  cent. 
Kind  (a)  The  current  taken  from  the  trolley ;  {i)  the 
1  tractive  effort  deielopcti :  (r)  the  total  power  elcli\ered  to 
be  car;  (i/)  the  net  i>ower  represented  by  the  total  tractive  ef- 
brt  at  tlic  given  speed  ;  and  (I'j  the  efficiency  of  ihe  car  et]uip< 
mt  under  the  specified  conditions.  Ans.  («»)  80  ampere* ;  (fi) 
1,250  pounds ;  (c)  40  kilowatts ;  (*/)  30.65  kilowatts ;  (i*)  76.6 
r  cent 

Ato'.  — SccciplajMlionor  mmfils  in  An.  jSof  Ap|iendlx  B. 
910.  The  magnet  core  of  a  4-polc  shunt  dynamo  has  a  diame- 
rof  8  inches,  including  thickness  of  bni<^  bobbin  plus  inside 
HUlation.  The  bobbin  is  wound  with  wire  to  a  depth  of  1  yi 
acbx*.  The  terminal  voltage  of  the  machine  is  no  volts,  nf 
ll  30  per  cent,  i*  to  be  absorbed  in  the  field  rhco.<itat.  1 
I  ampere-turns  are  to  be  provided  by  each  of  the  I 
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iponb,  whkbafT  ea  beooaoecteJ  in  scries  as  usual.  The  Icm- 
peoeweof  Aewnkifinemsentkei>6a°C  FmA  the  axed' wire 
Ant.  2.710  drcotar  BtOi. 


SM.  TIk  length  of  wmfaB  space  oa  each  of  the  bobbins  oT 
prohlem  215  is  3  tncha.  Find:  (a)  Resutance  atdo^Cd*  the 
few  bobbins  in  series  vhoi  wonad  with  No.  16  Brown  and  5bai|i 
puge  double  cotioo-covcred  oopyer  wire  (outside  (fiamcter  of 
wire  o  o6j  inch  ;  a»inne  no  bedding  of  the  U>'en) ;  (i)  find 
watts  <&!apated  in  each  bobbin  uUttg  rcsistaiice  at  6o°C. ;  amiff) 
calculate  the  approxtmate  rise  of  tewptaature  of  the  bobUos 
above  the  air.  Ans^  {a)  3 1.6  ohms ;  (J)  40J6  watts ;  (r)  3  t^°C  . 
rise  of  tentperaturc 

e  the  rite  in  toBperatire  of  a  Gd<t  wfaidiiq 


ia  wbicb  /  is  the  csdmatcd  rise  of  tempenlDTC  of  tbe  wiofii^  above  tbe  ur  hi  ea^ 
grade  degrees,  P  a  the  power  in  watts  disii[ated  in  iIk  winling,  and  .4  is  tbe  un  ia 
square  inciia  of  ibe  cjliodrica]  sorfaceof  the  windii^.  Tliis  bnanla  k  only  nx^lr 
approiiniale,  ind  it  is  to  be  ipplieil  onlj  to  roediain-siied  6eld  spoob  with  a  depth  of 
wiodiog  <rf  from  0.75  inch  to  3  inches. 

217,  A  certain  20<>-volt,  50-kiIowatt,  4-pole  shunt  generator 
has  its  four  field  spools  connected  in  series  and  it  is  designed  to 
run  at  speed  of  500  revolutions  per  minute.  This  machine  is  to 
be  driven  at  a  speed  of  250  revolutions  per  minute  and  to  de- 
velop 100  volts,  (a)  What  change  is  necessary  in  the  arrange- 
ment of  the  field  winding  ?  (li)  What  is  the  current  capacity  of 
the  machine  at  the  reduced  speed  ?  (c)  What  is  the  power  rat- 
ing of  the  machine  at  the  reduced  speed  ?  Ans.  (a)  The  ftwr 
field  spools  are  arranged  two  in  series  by  two  in  parallel ;  (^)  250 
amperes  ;  {c)  25  kilowatts. 


Appendix  C.     Armature  VVisdisgs.  I 

218.  Draw  a  2-pole  drum  armature  winding  having  i8  indue-  I 
lore;  front  jMtch  7.  back  pitch  9,  showing  connections  to  com-  I 
mutator  bars.  Make  the  armature  circle  4  inches  in  diameter,  ] 
Indicate  back  connections  by  dotted  Uncs  and  front  connections  I 
by  full  lines,  as  shown  in  Fig.  54,  Appendix  C.  I 

819.  Draw  a  simplex  lap  winding  for  a  4-polc  drum  armature  I 
having  18  inductors  ;  front  pitch  5,  back  pitch  3.  Show  connec-  ] 
tions  to  commutator  bars  and  indicate  positions  of  poles  and  I 
brushcH.  Make  the  drawing  same  size  and  style  as  l-'ig.  56,  I 
Appendix  C.  I 

Draw  a  simplex  wave  winding  for  a  4-polc  drum  arma-  I 
turc  having  18  inductors;  front  pitch  5,  back  pitch  3.  Show  1 
connections  to  connnulator  bars  and  indicate  positions  of  poles  J 
ind  brushes.  Make  the  drawing  same  sirx  :md  style  as  Fig,  57,  ] 
Appendix  C.  | 

SSI.  Draw  a  doubly  reentrant  duplex  lap  winding  for  a  4-pole 
drum  armature  having  36  inductors ;  front  pitch  10,  back  pilch  6. 
Show  connections  to  commutator  bars  and  indicate  po.sitions  of 
poles  and  brushes.  M-ikc  the  drawing  same  size  and  style  as 
Fig.  58.  Apijendi.v  C 

JVatf.  —  A  duplex  In))  or  <*»rt  Kindliiu  muil  hare  both  fionl  ind  back  pitchct 
m,  wbrn  all  fvpci  numbered  inducuirt  belong  lo  the  one  ind  all  odd  numbered    I 
Indocdm  belong  lo  the  other  oT  the  tvo  constituent  limples  wiadinp. 

8SS.  Draw  a  doubly  reentrant  duplex  wave  windingfora  4-pole 
drum  armature  having  36  inductors  ;  front  pitch  10  and  back 
pitch  6.     Show  connections  to  commutator  Ian  and  indicate  posi-   ' 

nf  poles  and  brushes.     Make  the  drawing  same  size  and 
iQfle  as  Fig.  59,  Appendix  C. 

SSS.   Draw  a  singly  reentrant  duplex  lap  winding  for  a  4-pole 

drum  armature    having  34  inductors  ;    front  pitch    ~  and   back 

pilch  ti.     Show  connections  to  commutator  bars  and  indicate  I 

jKWitkms  of  poles  and  brushes.      Make  drawing  same  size  and  j 

«Qrte  as  Fig.  60,  Appendix  C.  J 
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glj  rcentnnl  duplex  winding,  lap  or  wate,  bolh  front  uuj  but 
pil 

224.  Ur  .  singly  reentrant  duplex  wave  winding  for  a  4  pole 
drum  amiati-.e  having  32  inductors;  front  pitch  9  and  back 
pitch  9.  Show  connections  to  commutator  bars  and  indicate 
positions  of  poles  and  brushes.  Makethe  drawing  same  sizeand 
style  as  Fig.  60,  Appendix  C. 

225.  Given  a  4-pole  drum  armature  which  is  to  be  wound  with 
inductors,     (ul  Can   it  be  wound  with   a  lap  winding?    (*) 

•„an  it  be  wound  aw  ^  ?     (c)  State  what  windings 

re  possible  when  the  r  ,  iuctors  is  taken  as  22  and 

24  respectively,  and  give  front  a        back  pitches  for  each  case. 

226.  Given  a  6-pole  drum  ire  having  40  inductors  ar- 
ranged as  a  duplex  wave  windi  Vhat  are  the  front  and  back 
pitches  and  what  is  the  degree        re  ntrancy  ? 

227.  Given  a  6-pole  drum  armature  having  52  inductors. 
State  the  possible  varieties  of  winding,  and  gi\'C  front,  back  and 
commutator  pitches,  and  degree  of  reentrancy  in  each  case. 

228.  Given  a  6-pole  drum  armature  having  50  inductors. 
State  the  possible  varieties  of  ivinding,  and  give  front,  back,  and 
commutator  pitches,  and  degree  of  reentrancy  in  each  case. 

229  A  4-pole  drum  armature  is  to  have  from  46  to  50  induc- 
tors.'the  exact  number  being  chosen  so  that  they  may  be  ar- 
ranged as  a  singly  reentrant  duplex  wave  winding  having  one- 
fourth  as  many  commutator  bars  as  inductors.  What  number  of 
inductors  is  necessary  ?  Make  a  drawing  somewhat  similar  to 
Fig.  62,  Appendix  C,  showing  the  winding  and  showing  the 
positions  of  the  poles  and  brushes. 

230.  A  drum  armature  is  to  have  500  inductors  and  it  is  to  be 
driven  at  a  speed  of  600  revolutions  per  minute. 

(i)  The  number  of  poles  is  6  and  the  useful  flux  per  pole  is 
4.8  X  10*  lines.  Find  electromotive  force  generated:  {«)  when 
the  inductors  are  arranged  as  a  .simplex  lap  winding;  {d)  when 
the  inductors  are  arranged  as  a  duplex  wave  winding.  Ans.  (a) 
240  volts ;  {d)  360  volts. 
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{2)  The  number  of  poles  is  8  and  the  useful  flux  per  pole  is 
(.6  X  10".     Find   tlie  electromotive  force  generated:  (a)  when 

:  inductors  arc  arranged  as  a  simplex  lap  winding ;  (S)  when 
^e  inductors  are  arranged  as  a  duplex  lap  winding.     Ans,  (a)   1 
aSo  volts;  (/')  90  volts. 

231.  In  order  to  generate  the  desired  electromotive  force  in  a 
6-pole  drum  armature  it  is  decided  lo  use  about  670  inductors 
and  arrange  ihcm  as  a  singly  reentrant  triplex  wave  winding, 
(tf)  What  is  the  exact  number  of  inductors  required  ;  and  ^6) 
what  are  the  front  and  back  pitches  ? 

338.  A  4-polc  simplex  tap  drum  winding  has  576  inductors. 
The  diameter  of  the  bare  wire  is  0.08 1  inch,  and  the  mean  length 
(^onc  "armature  turn"  (consisting  of  two  inductors  and  two  end 
connectors)  is  [6  inches.    Find  the  resistance  (cold)  of  the  wind- 

;  from  positive  to  negative  brushes.     Ans.  0.0395  ohm. 

SS3.  An  8-pole  drum  armature  has  a  duplex  lap  winding  with 
1,258 inductors.  Find:  (a)  front,  back, and  comniut;itor  pitches; 
(6)  degree  of  rccntrancy ;  and  (c|  number  of  paths  between  the 
brushes.     Is  the  winding  symmetrical  ?     Why  ? 

984.  A  certain  Siemens  and    H<ilske   r4-pole    r.ooo  kilowatt 
r  has  a  quintuple  wave  wound  drum  armature  with  1,144 
iductors.     Find  :  (a)  front,  back,  and  commutator  pitches  ;  and 
(if)  degree  of  rci-ntrancy. 

236.  An  8-pole  duplex  wave-wound  drum  armature  is  to  be 
Iriven  at  a  s{>ced  of  100  revolutions  per  minute,  and  the  useful 
Rux  per  pole  is  8.3  x  10'  lines.  How  many  inductors  are  needed 
>  generate  150  volts?     Ans.  542  inductors. 
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Ab-amp^re,  definition  of  the,  i6 
Ab-ohm,  definition  of  the,  20 
Absorption  of  light,  influence  of,  on  illu- 
mination, 324 
Ab  volt,  definition  of  the,  24 
All-day  efficiency,  definition  of,  469 
Alternating- current  arc,  the,  334 
Alternator,  the,  36 
Aluminum  wire,  weights  and  resistances 

of,  307 
Ammeters,  200 

errors  of,  479 
Ampere,  definition  of  the,  16 
Ampire-turn,  the,  356 
Angle  of  lead  of  brushes,  94 
Anti-parallel  wiring  scheme  (see  return 

loop). 
Arc,  the  electric,  characteristics  of,  330 
alternating-current,  334 
direct-current,  332 
lamp,  the,  327 
rating,  337 
Arc  lamps  on  constant-voltage  mains,  336 
sciics  grouping  of,  338 
lighting,  constant -current  series  sys- 
tem, 339 
Armature,  closed-coil  and  open -coil,  40 
coil  or  section,  420 
core  loss,  calculation  of,  382 
cross-magnetizing  action  of,  151 
definition  of,  36,  38 
-demagnetizing  action  of,  151 
faults,  testing  for,    182 
inductors,  420 

loss  in  generators  and  motors,  129 
neutral  axis  of,  93 
reaction,  151 

compensation  of,  160 
winding,     (k'{)endence     of    brushes 
ui>on,  432 
the  disk,  419 


Armature  winding,  the  drum,  418 

element  of,  420 

the  helical,  418 

lap,  423 

modified  multiplex,  445 

multi-circuit,  431 

open-coil  and  closed -coil,  419 

parallel  grouping  of,  see  lap. 

re^ntrancy  of,  428 

the  ring,  418 

table  of  conditions,  436 

two-circuit,  431 

simplex  and  multiplex,  429 

series  grouping  of,  see  wave. 

wave,  426 
Armature  windings,  418 

examples  of,  436 
Armatures,  smooth  and  slotted,  67 
Axis  of  commutation,  93 
neutral,  of  armature,  93 

Ralancer,  the  motor- generator,  274 

tl>e  three-wire,  273 
Hattery,    the   storage    (see   storage   bat 
tery ). 

the  voltaic  or  primary,  230 
I'ijwlar  versus  multi(x>lar  dynamos,  65 
Itooster,  the  compound,  261 

the  differential,  261 

the  negative,  259 

the  shunt,  257 

with  carlnm  rheostat  control,  261 
Roosters,  automatic,  258 
lirush  arc-lighting  generator,  the,  342 

contact  resistance,  472-473 

holders,  63 

had,  91 
Brushes,  63 

nuinl>er  of  on  a  dynamo,  432 
Ruilding-up  of  a  generator,  80 
liunsen  pliotometer,  the,  313 
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Candle,  the  spherical-,  311 

the  standard,  310 
Candle-foot,  the,  definition  of,  312 
Candle-power   of   carbon-filament  glow 

lamps,  344 
Carrying  capacity,  safe,  of  wires,  284 
Cast  iron,  magnetic  prop>erties  of,  365 
Characteristic  curves  of  a  compound  gen- 
erator, 407 
of  dynamos,  383 
of  generators,  75 
of  motors,  408-417 
of  series  generators,  386-397 
of  shunt  generators,  397-407 
of  motors,  123 
of  the  electric  arc,  330 
of  railway  motors,  413 
Circuit  breakers  and  fuses,  205 
Circular  mil,  definition  of,  451 
Collecting  rings,  definition  of,  37 
Commutator  bars,  number  of,  421 
definition  of,  39 
details  of,  63 
CouHiiulation,  axis  of,  93 
the  phenomena,  iCl 
Compass,  the,  I 

Compensating  field  winding,  160 
Compound  generator,  the,  47,  86 
adjustment  of,  90 
connections  of,  79 
motor,  the,  1 16 
Constant-current  distribution,  74 
transformer,  the,  341 
-voltage  distribution,  74 
Control  of  voltage  of  generators,  88 

of  speed  of  motors,  109 
C'ont roller,  the  series-parallel,  121 
Cooper-Hewitt  lamp,  see  mercury  vapor 

lamp. 
Cost  of  electrical  power,  223 

of  steam  power,  221 
Costs,  installation  and  oj)eration   <jf  sta- 
tions, 220,  230 
Coulomb's  law,  3 

Counter-electromotive- force  cells,  use  of, 
256 
definition  of,  97 


Cumulative  compound  motor,  the,  117 
Current,  electric,  strength  of,  15 

Density  of  wires,  283 

Dellmar's  three- wire  generator,  272 

Differential  booster,  the,  261 

compound  motor,  the,  116 
Diffusers,  lamp,  338 
Direct -current  arc,  332 

dynamo,  38 
Distribution  and  wiring,  266 

constant- current,  74 

constant-voltage,  74 

Edison  three- wire  system  of,  268 

electric,  size  of  wires  for,  275 

parallel  system  of,  266 

series  system  of,  266 
Dobrowolsky's  three -wire  generator,  273 
Drum  armature,  the,  418 
Dynamo,  fundamental  equation  of,  43 

ratings,  169 

speeds,  145 

the,  35 

the  alternating-current,  36 

the  direct-current,  38 

the  homopolar,  7 1 

the  multipolar  direct-current,  41 
Dynamometer,  use  of  motor  as  a,  143 
Dynamos,  diseases  of,  175 

heating  of,  148 

insulation  of,  167 

management  of,  172 

operation  of,  172 

sparking  of,  15 1 

sparking  of,  conditions  of,  161 

special  designs  of,  69 
Dynamotor,  the,  70 

Eddy  current  loss  in  iron,  381 

currents,  49 
Edison  three-wire  system  of  distribution, 

268 
EfTicienciesof  generators  and  motors,  127 
Efllciency,  all-day,  of  a  dynamo,  469 
of  carbon-filament  glow  lamps,  344 
of  conversion  of  a  generator,  135  i' 
of  a  motor,  141 
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Efficiency,  electrical,  of  a  generator,  135 
of  a  generator,  calculation  of,  132 
of  generator,  Tariation  of  with  out- 
put, 136 
of  lamps,  326 

mechanical,  of  a  motor,  141 
of  a  motor,  calculation  of,  138 

Siemens'  law,  99 
Tariation  of,  with  output,  141 
Electric  arc,  the,  characteristics  of,  330 
current,  see  current, 
distribution,  size  of  wires  for,  275 
lamp,  the,  325 
lighting,  308 

strength  of  air  between  parallel  wires, 
302 
of  cable  insulation,  301 
of  insulation,  dependence  of  size 
of  wires  upon,  299 
Electrical  efficiency  of  a  generator,  135 
power,  cost  of,  223 

systems  of  selling,  232 
resistance,  see  resistance. 
Electromotive  force,  defmition  of,  22 

induced,  30 
Electrolysis,  238 
Electrolyte,  definition  of,  238 
Electromagnets,  351 
Enclosed-arc  lamp,  the,  336 
End-cell  control,  256 
Ec^ualizing  arrangement,  the,  1S4 
Expansion,  coefficients  of  linear,  2S3 
Exciter  dynamo,  the,  38 
External  characteristic  of  series  genrrator, 
386 
of  shunt  generator,  3«)7 

Faults  in  armatures,  testing  for,  1S2 
Fec<ler  control,  195 
Field  excitation  of  generator's,  44,  S7 
of  niolor>,  4S 
separate,  44 

loss  in  generators  and  iiuitot*;,  127 

ma{;net,  definition  of,  36,  3S 

magnetic,  4 

rlut>stttt,  the,  88 

switch,  non-sparking,  18S 

33 


Fire  risks,  219 

Flat-compounding  of  a  generator,  86 
**  Floating  battery,"  the,  258 
Flux  density  in  iron,  361 

magnetic,  definition  of,  8 

of  light  required  for  illumination,  324 
Foucault  currents  (sec  eddy  currents). 
Fuses  and  circuit  breakers,  205 

Galvanized  wire,  weight  of,  283 
Generator,  the,  35 

the  compound,  47,  86 
adjustment  of,  90 
connections  of,  79 

the  double  current,  273 

efficiency,  calculation  of,  132 

electromotive  force  of,  82 

the  flat-compound,  86 

and  motor  efficiencies,  127 
losses,  127 

output  of,  81 

the  over-compound,  86 

separately  excited,  the,  85 

the  series,  46 

series,  connections  of,  78 

the  shunt,  45 

shunt,  connections  of,  79 

the  split-pole,  272 
(Jenerators,  characteristic  curves  of.  75 

characteristic  curves  of,  3S6-4'7 

for  Edison  three- wire  sy^cni,  271 

field  excitation  of,  44,  87 

and  motors,  diseases  of,  175 
management  of,  172 
starting  of,  174 

operation  of,  in  parallfl,  1S4 

rating  of,  S2 

Voltage  control  of,  SS 

vult.\;*e  ri'gulation  i»t",  SS 
('iil!>ert,  the  definition  of,  33<i 
(Il.irc  of  a  lamp,  definition  ot',  322 
(ilt»Ses,  lamp,  33S 
("•low  lamp,  the  cailKMi  tilanu-nt,  343 

metal  lil.unrnt,    ^48 
Grounds  and  groun<l  dotr.:..i .,  2i'^) 
(luarantees  and  ratinf;<,  145 
stanviard,  164 
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Local  actiao  and  voltaic  actkn,  240 
Lotssy  arxnatsrCy  in  genoatois  and  motors^ 
129 
field,  in  generators  and  motors,  127 
suxj    povcr,    in     generators    and 
■ntor%  129,  ijo 
Ixmes  in  generators  and  motors,  127 
Lamen,  definition  of  tbe,  312 
Lux,  tlie^  definition  o<^  311 

Magnetic  dicnit,  the,  366 
fieldy  direction  of,  5 
dne  to  a  wire,  13 
in  a  long  solenoid,  19 
bomogeneoos  and  non-homoge- 

neoos  5 
intenat J  fd,  4 

figures,  7 

flux,  definition  of,  8 

in  iron,  359 

379 
371 
coefficient  of  a  dynamo,  372 
peroMafailityy  365 
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Magnetic  properties  of  iron   aiul  steel, 
table,  365 

reluctance,  368 
Magnetism  of  iron,  35 1 

residual,  36 1 
Magnetization  curve  of  a  dynamo,  3S4 

curves,  362 

intensity  of,  359 

of  iron,  12 
Magnetizing  force  in  iron,  356 
Magnetomotive  force  of  a  coil,  354 
definition  o*",  352 
units  of,  356 
Magnet,  the,  I 

pole,  sign  of,  3 

windings,  bunched  and  distributed, 

35' 
Magnets,  mutual  action  of,  I 

permanent,  361 

Matthews  photometer,  the,  318 

Maximum  demand  meter,  the,  2}$ 

Mechanical  efficiency  of  a  motor,  14I 

Mercury-vapor  lamp,  350 

Meter,  the  maximum  demand,  235 

the  two-rate,  235 

Mil,  definition  of  the,  45 1 

Motor  ami  generator  efticiencies,  127 

losses  127 

direction  of  running  of,  95 

efficiency,  calculation  of,  138 

Siemens*  law  of,  9  ) 

fundamental  equation  of,  97 

shunt,  starting  of,  1 12 

the.  35 

the  ccmipound,  116 

the  "multi  s|K'ed,"  106 

the  series,  118 

the  shunt,  loi 

speed  control  of,  105 

regulaiion  of,  104 

torrjue,  98 

Motor  generator  lialancer,  the,  274 

the,  70 

Motors     ami     generator*,    characteriMic 

curves  of,  123,  408-417 

diseases  of,  175 

field  excitatiru  of.  48 


Motors  and  generators,  management  of, 
172 
starting  of,  174 
speed    control     of,    comparison    of 
methods,  109 
Multiplex  armature  winding,  429 
Multipolar  versus  bipolar  dynamos,  65 
Mullivoltage  speed  control  of  nu>tor^,  108 

National  Electrical  Code,  the,  220 
Nernst  lamp,  the,  349 
Network  of  conductors,  solution  of,  27 
Neutral  axis  of  armature,  93 

Oersted,  the,  369 

Ohm,  definition  of  the,  20 

Olim's  law,  23 

0|)en-arc  lamp,  the,  336 

Operation  test  of  a  station.  199 

(>smium  lamp,  the,  267,  34S 

Output  of  a  generator,  81 

( )ver-compounding  of  a  generator,  86 

Parallel  connections,  24 

grt»u|Mng  of  glow  lamps  on  arc  cir- 
cuits, 267 

operati(m  of  generators.  1 84 

system  of  di.stril>ution,  2<>6 
Performance  te'^t  of  a  station,  199 
Permanent  magnet  %  361 
Permeability  magnetic,  365 
Photometer,  the  Bunsen,  313 

the  integrating,  31 S 

the  Matthews,  31S 
PhotiJnietry,  30S,  309 

simple,  309 
Pole-line  amstruction  (refcTeiiee),  305 

lines,  insulation  ol*.  3()( 

mechanical  stresses  in,  276 

n]r.;;net,  sijjn  of,  3 

str.  ngth  of  a,  2 
Pole*,  distribute*!  and  couccnlrate*!,  2 

(if  a  nia^^ni  t,  I 
power,  tlectriial,  s\ stems  i»f  si  'ling,  232 

coNt  t»f,   22  \  22} 

rating  of  gcnetalors,  82 

Radiant  heat,  definition  of,  3-  8 
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RAiIwaj  motors,  characteristics  of,  415 
Rating  of  arc  lamps,  337 

of  generators,  82 
Ratings  and  guarantees,  145 
standard,  1 64 

estimation  of,  from  speed  and  dimen- 
sions, 148,  165 

of  dynamos,  169 
Reaction,  armature,  151 
ReOntrancy  of  an  armature  winding,  428 
Regulation,  voltage,  as  a  factor  in  wiring, 
»8s 

of  generators,  8$ 
Reluctance,  magnetic,  368 
Reluctivity,  369 

Residual  magnetism,  definition  of,  361 
Resistance,  definition  of,  20 

of  brush  contacts,  472-473 

temperature  coefficient  of,  21 
Resistances  and  weights  of  copper  wire, 

306 

Resistivity,  see  specific  resistance. 
Koturn  l<x>p  uiring  scheme,  292 
K'.u^>^'..t,  .starting;,  the,  1 12 
King  armature,  the,  418 

S»»!Vtv,  personal,  rules  for,  133 
Scii*-^  ^'^'"in'clions,  24 

gcntT.itor  aiui  motor  compared,  96 
cv^';r.ictiv)ns  of,  78 
:!\.-.  46 
j;!v»v.p!:^^  i»f  jjlow  lamps,  266 

•\i".:".ol  ».'v>n'viollrr,   121 
N\N  .  ::\  ol"  diN»iiliution,  266 

»^  ,.     ■  '  vN'x'.xi.  tli»-.  257 

i;,    .;  "v  .i»hI  r.u»tor  compared,  95 
vv'!!'.vvluu»N  *.»:,  79 
•'•^•.  45 

tv  :•  '..  .v»:i  of,  104 
■»■»'■■■,:»  I  I  J 
»»'  I  »\\  V'    \  i'xKiK'v  of  rt  motor,  99 
fi*»'»»\.  v^  uniMU'l  jx»lo,  3 


Size  of  wires  for  electric  distribution,  275 
Solenoid,  definition  of,  19 
Sparking  of  dynamos,  151 

conditions  of,  161 
Specific  gravity  (see  density). 

resistance,  21 
Spectro- photometry,  309 
Speed  control  of  motors,  comparison  of 
methods,  109 
of  shunt  motor,  105 
regulation  of  shunt  motor,  104 
Speeds  of  dynamos,  145 
Standard  lamps,  310 

ratings  and  guarantees,  164 
Starting  a  generator  or  motor,    methori 
of,  174 
of  shur.t  motor,  112 
rheostat,  the,  112 
Steam  power,  cost  of,  221 
Steel  and  iron  wire,   weights  and  resis- 
tances of,  307 
magnetic  properties  of,  365 
Storage  batteries,  management  and  care 
of,  250 
use  of,  254 

weights  and  co^ts,  250 
battery,  action  of,  242-247 
grids,  247 
the,  242 
cell,  the,  242 
Stray    i>ower     loss     in     generators     an-J 

motors,  129,  130 
Street  lighting,  325 

Table   of    armature- winding    conditions. 

436 
canille-power  and  efticiency  of  glvw 

lamps,  344 
carrying  capacities,  2S4 
costs  of  installation,  230 

of  operation,  23 1 
density  of  wires,  283 
hysterctic  coefficients  3S0 
magnetic    properties     of    irtm    an-i 

steel,  365 
resistances  and    weights   of  cupper 

uircs,  306 
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Table  of  tensile  strengths  of  wood,  278 
of  wires,  283 

units,  34 
Tantalum  lamp,  the,  348 
Tensile  strength  of  wood,  table,  278 

strengths  of  wires,  table,  283 
Three-wire  balancers,  273 

generators,  271 

system,  the  Edison,  268 
Torque  of  a  motor,  98 
Total   characteristics  of  generators  (se^ 

internal  characteristics). 
Transformer,  the  constant-current,  341 
Two-rate  meter,  the,  235 

Underwriter's  rules,  219 
Unipolar  dynamo,  the,  7 1 
Units,  table  of,  34 

Voltaic  action  and  local  action,  240 

battery,  the,  239 

cell,  the,  239 
Voltage  control  of  generators,  88 

regulation  of  generators,  88 
Volt,  definition  of  the*,  24 
Voltmeter  multiplying  coils,  202 
Voltmeters,  201 

errors  of,  479 
Volts- per -commutator-segment  of  a  dy- 
namo, 474 


Ward  Leonard  method  of  speed  control 

of  motors,  1 08 
Watt- hour  meter,  the,  204 
Wattmeter,  the,  202 
Wattmeters,  errors  of,  480 
Wave  windings,  426 
Weight  of  galvanized  wire,  283 
Weights  and  resistances  of  copper  wire, 

3^ 

of  wires,  283 
Windings,  armature,  see  armatnre. 
Wire,  weights  of,  283 

weights  and  resistances  of,  306 
Wires  for  electric  distribution,  size  of,  275 

heating  of,  284 

informatioo  concerning  (reference), 

305 
mechanical  stresses  in,  276 

testile  strengths  of,  283 

Wiring  calculations  for  concentrated  loads, 

286 

based  on  power  loss,  296 

distributed  loads,  288 

in  constant-voltage  systems,  286 

for  return-loop  scheme,  294 

charts,  287 

outside  and  inside  (reference),  305 

Wood,  tensile  strength  of,  table.  278 

Wrought  iron,  magnetic  properties  of,  365 
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